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ABSTRACT
The e f f e c t s  of  in v i t r o  and in vivo exposure to  t r i b u t y l  t i n  (TBT) 
on phorbol m yr is ta te  a c e ta te  (PMA) and calcium ionophore (A23187) 
s t imulated  a c t iv a t io n  of  per i toneal  macrophages from oy s te r  toadf ish  
(Qpsanus tau l  were evaluated using a luminol-dependent chemilumi- 
nescence (CL) assay. The PMA-stimulated CL response was increased by 
in v i t r o  exposure to  50 ug/L TBT, but was depressed to  base l ine  values 
by 500 ug/L TBT. With A23187-stimulated CL, the response was 
increased by exposure to  5 ug/L and 50 ug/L TBT, and was depressed by 
500 ug/L TBT. The CL response s timulated by s y n e rg i s t i c  doses of PMA 
and A23187 was increased by exposure to  50 ug/L TBT and was depressed 
by 500 ug/L TBT. Enhancement of  PMA- and A23187-stimulated CL 
following TBT exposure re turned to  base l ine  values a f t e r  e x t r a c e l l u l a r  
calcium was removed. In the absence of  PMA or  A23187 s t im u la t ion ,  50 
ug/L TBT s t imula ted  a s ig n i f i c a n t  CL response which could a lso  be 
in h ib i ted  by che la t ion  of  e x t r a c e l l u l a r  calcium. Uptake o f  calcium-45 
was g r e a t ly  increased in the  presence of  50 ug/L TBT but depressed a t  
500 ug/L TBT. The r e s u l t s  suggest t h a t ,  a t  c e r t a in  concen tra t ions ,
TBT s t im u la tes  a calcium in f lux  and th e re fo re  an enhancement of  the 
formation of  reac t iv e  oxygen in termediates  and the CL response.  I t  i s  
pos tu la ted  t h a t  in s t imulated  macrophages high lev e l s  of  TBT lead to  
membrane dysfunct ion,  followed by in h ib i t io n  o f  calcium f lu x  and 
depress ion o f  a c t iv a t io n  sequences.
*
The physio logical  bas is  of  TBT-stimulated macrophage ac t iv a t io n  
was inves t iga ted  in v i t r o . T r ib u ty l t in - s t im u la te d  a c t iv a t io n  was 
compared to  PMA-, PMA+A23187-, and A23187-stimulated ac t iv a t io n  in the 
presence o f  pharmacological scavengers of  r e a c t iv e  oxygen r a d ic a l s ,  
an tagon is t s  o f  arachidonate  metabolism, an tagon is ts  of  phosphodi­
e s te ra s e  a c t i v i t y ,  and an tagonis ts  of calcium t r a n sp o r t  and 
m obi l iza t ion .  In h ib i t io n  of TBT-stimulated CL by sodium benzoate (.OH 
scavenger) and superoxide dismutase ( . 0 ? scavenger) was most s im i la r  
to  PMA-stimulated CL, in d ica t in g  a ro le  of NAHPH oxidase a c t i v i t y  in 
TBT-stimulated CL. In h ib i t io n  of  TBT-stimulated CL by nordihydro- 
g u a i a r e t i c  acid (lipoxygenase antagonist )  was s im i la r  to  PMA- 
PMA+A23187-, and A23187-stimulated CL, in d ica t in g  a common ro le  of  
l euko t r iene s  in ac t iv a t io n  responses.  In h ib i t io n  of  TBT-stimulated CL 
by indometacin (cyclooxygenase an tagonis t )  was most s im i la r  to 
PMA+A23187- and an tagonis t  A23187-stimulated CL, in d ica t in g  a common 
r o le  of  prostag landins  in a c t iv a t io n  responses . The in h ib i t io n  of 
TBT-stimulated CL by isobutylmethlyxanthine (phosphodiesterase  
an tagon is t )  was most s im i la r  to  PMA- and A23187-stimulated CL, 
in d ica t ing  a ro le  of  c y c l ic  neucleotides  in a c t iv a t io n  reg u la t io n .
x
The in h ib i t io n  o f  TBT-stimulated CL by verapamil (calcium channel 
an tagonis t )  and t r i f l u o p e r a z i n e  (calmodulin an tagonis t )  were most 
s im i la r  to  PMA+A23187- and A23187-s t im ula ted  CL, in d ica t ing  the ro le  
o f  calcium in TBT-stimulated a c t iv a t io n  o f  macrophages. I t  i s  
concluded t h a t  TBT-stimulated macrophage a c t iv a t io n  i s  due to  an 
increase  in plasma-membrane calcium f lu x ,  thereby leading to 
a c t iv a t io n  sequences.
The in f luence  of  in, vivo TBT exposure on macrophage ac t iv a t io n  
was compared to  responses r e s u l t i n g  from i n  v i t r o  exposure. Fish were 
t r e a t e d  ( i . p .  i n j e c t io n s )  weekly fo r  s ix  weeks with e i t h e r  sham, 
v eh ic le ,  0.250, 0.750, or  2.5 mg/kg TBT. Macrophages were i so la ted  
and PMA+A23187- and TBT (50 ug/L)-st imulated CL was compared between 
trea tment groups. Chemiluminescence was reduced in a dose-dependent 
manner in response to  both PMA+A23187- and TBT (50 ug /L)-s t imula t ion ,  
however a s i g n i f i c a n t  d i f f e ren ce  was found only in macrophages from 
f i s h  exposed to  0.750 mg/kg TBT.
I t  i s  concluded t h a t  TBT suppresses  macrophage funct ion following 
both in  vivo and in  v i t r o  exposure. The mode of ac tion appears to  be 
an in te r f e re n c e  with plasma membrane calcium t r a n sp o r t ,  th e re fo re  
i n h ib i t in g  both i n t r a c e l l u l a r  and i n t e r c e l l u l a r  signal t ransduc t ion .
THE INFLUENCE OF TRIBUTYLTIN ON VARIOUS ASPECTS OF ACTIVATION 
AND REACTIVE OXYGEN FORMATION IN OYSTER TOADFISH 
fOPSANUS IAU) MACROPHAGES
CHAPTER 1
OVERVIEW OF FISH IMMUNOLOGY
The immune system o f  f i shes  i s  in many re sp ec t s  comparable to 
t h a t  o f  higher  v e r t e b ra t e s .  In mammals the immune response involves 
h ighly  developed s p e c i f i c  (humoral) and non-spec if ic  ( c e l l u l a r )  
a spec ts .  Spec i f ic  and nonspecif ic  c a p a b i l i t i e s  are  documented in 
h igher  t e l e o s t s  as well ( E l l i s ,  1977a). In mammals the cen te r  of  
hematopoiesis i s  the  bone marrow, with the thymus and spleen 
funct ioning  as s i t e s  o f  lymphocyte maturation and s torage,  
r e sp e c t iv e ly  ( S e l l ,  1987). In f i s h e s  hematopoiesis occurs in the  
pronephros, with lymphocyte matura tion taking place  in the spleen 
(Anderson, 1974). The only antibody prote in  produced by f i s h e s  
resembles immunoglobulin c la s s  M (IgM) (Klapper and Clem, 1977), but 
i s  t e t ra m er ic  r a t h e r  than pentameric (Marchalonis e t  a l . ,  1977). A 
secondary response and an t igen ic  memory have been well documented in 
t e l e o s t s  (Anderson, 1974).
Humoral immune responses of both t e l e o s t  and chondrichthyes 
s tud ied  to  date  include some fe a tu re s  found in higher  v e r teb ra te  
systems such as immunoglobulin production and lymphocyte s p e c i f i c i t y  
(B -ce l l s  and T - c e l l s ) .  However, t h e i r  serum p ro te in s  ex h ib i t  a more 
p r im i t iv e  molecular s t r u c tu r e  and are  s im i la r  to  t h a t  of inve r teb ra tes  
(Alexander,  1980). These molecules in in v e r te b ra te s  are c o l l e c t i v e ly  
r e fe r r e d  to  as p r e c i p i t i n s  and agg lu t in ins  (Harisdangkul e t  a l . ,
2
31972). Other i n v e s t ig a to r s  have r e fe r red  to  these  serum fa c to r s  as 
hemolysins (C h i l l e r  e t  a l . ,  1969) and hemagglutinins (Holt and Anstee, 
1975). In add i t ion  to  immunoglobulin, o th e r  mammalian-like serum 
f a c t o r s  have been described in f i s h e s ,  such as complement (Dorson and 
Torchy, 1979), C-reac t ive  p ro te in  (Baldo and F le tche r ,  1973), 
i n t e r f e ro n  (de Kinkelin and Dorson, 1973), i n t e r le u k in s  (Sigel e t  a l . ,  
1986) and lysozymes (F le tcher  and White, 1976).
Non-specif ic  immune responses  in f i s h e s  are a function o f  both 
the  f ixed  t i s s u e  c e l l s  and mobile e f f e c t o r  c e l l s  o f  the  R e t icu la r  
Endothel ia l System (RES) ( E l l i s  e t  a l . ,  1976). Tissues  i d e n t i f i e d  as 
components of  the  RES are the  pronephros (head kidney, a n t e r io r  
kidney),  spleen, ca rd io -ep i the i ium  and, t o  a l e s s e r  degree, th e  g i l l  
f i lam ent  ( E l l i s ,  1977b). All the  immunologically a c t iv e  c e l l s  found 
in mammalian systems, or t h e i r  funct ional  analogs, a re  found in 
f i s h e s ,  e . g . ,  lymphocytes, n e u t roph i l s ,  eos inoph i ls ,  macrophages and 
thrombocytes.
In add i t ion ,  subpopulat ions of lymphocytes with i n t r a c e l l u l a r  
communication have been i d e n t i f i e d  in f i s h  species using hapten- 
c a r r i e r  responses (Avtalion e t  a l . ,  1975; Yocum e t  a l . ,  1975; Ruben et  
a l . ,  1977). Using these h a p te n -c a r r i e r  systems, T -ce l l s  corresponding 
to  T-helper  c e l l s  involved in T-dependent responses o f  mammals have 
been i d e n t i f i e d ,  as well as T-suppressor  c e l l s  (Wishkovsky and 
Avtal ion,  1982). I t  i s  now e s ta b l i shed  t h a t  h ap te n -c a r r ie r  complexes 
such as dinitrophenol-BSA and xenogenic ery throcy tes  are met with a T- 
dependent response,  whereas d in i t ro p h e n o l - f i c o l l  i s  met with a T- 
independent response,  as i s  noted in mammalian systems. I t  appears as 
a general ru le  t h a t  prote in  ant igens are  met with a T-dependent
4response involving macrophages, some B-ce l ls  or  o ther  ant igen-  
p resent ing  c e l l s  (APC), T-helper  lymphocytes, and antibody-producing 
B -ce l l s ,  with s p e c i f i c  antibody p ro te in s  being synthesized.  
Polysaccharide antigens induce a T-independent response involving only 
B-lymphocytes (Tatner ,  1986).
Further  i d e n t i f i c a t i o n  of  lymphocyte subpopulation s p e c i f i c i t y  
r evea ls  the  presence o f  recep to rs  fo r  sheep red blood c e l l s  (SRBC), as 
i s  the case with human T -c e l l s  (Anderson, 1979; M il le r  and Tripp, 
1978). The lymphocytes o f  f i shes  a lso  respond to  the  c l a s s i c a l  T-cell  
mitogens, phytohemagglutinin (PHA) and concanavalin A (ConA) as well 
as to  the  B-cell  mitogens, 1ipopolysaccharide (LPS) and pokeweed 
mitogen (PWM) (Spitsbergen,  1986). These mitogens are p lan t -de r ived  
l e c t i n s  or  microbial c e l l  wall components possessing polysacchar ide 
moie t ies  which bind to  s p e c i f i c  membrane recep to rs  t r ig g e r in g  
mitogenic responses (Sharon and Lis ,  1972).
One o f  th e  most important defense mechanisms aga ins t  foreign 
m a te r ia l s  and pathogens in f i sh e s  i s  the capac i ty  to  phagocytize 
( E l l i s ,  1977). Neutrophils ,  fixed t i s s u e  macrophages and f ree  
monocytes comprise t h i s  arsenal  o f  defense,  and are a t t r a c t e d  to  t h e i r  
many d i f f e r e n t  t a r g e t  m a te r ia ls  by a v a r ie ty  o f  natura l  chemical 
mediators (k in in s ,  histamine,  prostaglandins  and p l a t e l e t - a c t i v a t i n g  
f a c to r )  which are re leased  during t i s s u e  in ju ry  and inflammation. 
A t t ra c t io n  to  the  s i t e s  of  in jury  i s  ca l led  chemotaxis.  The combined 
process  of  chemotaxis and phagocytosis can be ca tegor ized  as a 
m ul t i face ted  s e r i e s  of  events  including a t t r a c t i o n ,  adherence of  the 
p a r t i c l e  to  the  surface  o f  the  phagocyte, endocytosis ,  i n t r a c e l l u l a r  
k i l l i n g  in the  case of microbes, and d iges t ion  or  expulsion of  the
5lysed material or  presenta t ion  o f  antigenic  m ate r ia ls  to lymphocytes 
(S e l l ,  1987).
Although f i s h e s  lack the spectrum of immunoglobulin c la s se s  found 
in mammals, ce l l-media ted immune responses have developed to  a highly 
e f f e c t i v e  leve l .  The cel l-mediated response involves s p e c i f i c  
subpopulations of  the  T-lymphocyte, which s e c r e t e  cytokines 
(lymphokines) and induce other  c e l l s  to s ec re te  cytokines. These 
cytokines  include macrophage in h ib i t in g  f a c to r  (MIF), macrophage 
ac t iv a t in g  fac to rs  (MAF), in te r leu k in s ,  in te r f e ro n s ,  and mitogenic 
f a c to r s  (Sigel e t  a l . ,  1986). The most notable  examples o f  the  ce l l -  
mediated immune response are t i s s u e  g ra f t  r e j e c t i o n ,  delayed 
h y p e r sen s i t iv i ty ,  the  mixed lymphocyte reac t ion  and ant i -microbia l  
immunity, which involves macrophages. All o f  these  responses are 
observed in f ishes  (Jurd, 1985). Nonspecific cytotoxic c e l l s ,  a 
f u r t h e r  funct ional  subpopulation o f  T-lymphocytes, are reg u la to ry  in 
these  react ions  (Graves e t  a l . ,  1984; Evans e t  a l . ,  1984; Evans e t  
a l . ,  1985; Graves e t  a l . ,  1985).
In mammals the  immunobiological basis f o r  t i s sue  g r a f t  re jec t ion  
i s  th e  presence o f  Major Histocompat ibi l i ty  Complex (MHC) c l a s s  I 
ant igens  present on a l l  c e l l s ,  while delayed h y p e r se n s i t iv i ty  and 
lymphocyte transformat ion are orchestra ted  by th e  presence o f  MHC 
c la s s  II  antigens on macrophages, B-cells,  and the  Langerhans- 
d e n d r i t i c  c e l l s  of  the  skin and lymphoid organs (llnanue and Allen, 
1986). These same or  analogous antigens are obviously p re sen t  in 
t e l e o s t s .  These cytotoxic  events are con t ro l led  by subpopulations of 
T-lymphocytes which re lease  cytokines ,  followed by macrophage, 
neu t roph i l ,  and cyto toxic  k i l l e r  lymphocyte i n f i l t r a t i o n  which leads
6to  eventual d e s t ru c t io n  o f  t a r g e t  c e l l s  (tumor c e l l s ,  g r a f t  c e l l s ,  
autoimmune t i s s u e  t a r g e t s ,  a l logen ic  lymphocytes).
7CENTRAL ROLE OF THE MACROPHAGE IN CELL-MEDIATED IMMUNITY
The function o f  macrophages in immunoregulation has been well 
documented for  mammalian systems and is  now described as being 
comparable in f i s h e s  (Manning and Tatner,  1985). Unanue and Allen 
(1987) have i d e n t i f i e d  a f iv e -p o in t  functional  c l a s s i f i c a t i o n  scheme 
f o r  th e  ro le  of macrophages in the immunological arena.  F i r s t ,  
macrophages are phagocytic  in na ture ,  able to  i n t e r n a l i z e  a v a r i e ty  of 
p ro te in s  and polysaccharides ,  both in so lu t ion  and as c o n s t i t u t e n t s  of 
microbes. Second, and of utmost importance, they are s e c re t iv e .
The ir  products include arachidonate  d e r iv a t iv e s  such as p rostaglandins  
and leu k o t r ien e s ,  p ro teases ,  in te r leu k in  1 (T-cel l  growth f a c to r )  and 
some complement p ro te in s .  These products are  ac t iv e  in the 
inflammatory process .  Third,  macrophages communicate via chemical and 
a n t ig en ic  s igna ls  with B and T c e l l s .  D if fer ing  from lymphocytes, 
macrophages do not d iv ide  c lo n a l ly  in c u l tu re  and are not an t igen 
s p e c i f i c ;  however removing macrophages from leukocyte  suspensions does 
abrogate  the immune responses to  prote in  an t igens .  Fourth, these  
phagocytes are c r i t i c a l l y  loca ted  in or near microvascula ture as with 
mesenchymal and e p i t h e l i a l  c e l l s .  F i f th ,  macrophages have membrane 
su r face  recep tors  fo r  cytokines  (also  ca l led  lymphokines) which are 
produced by lymphocytes.  A f te r  in te rac t io n  with lymphokines such as 
macrophage a c t iv a t in g  f a c to r  or  interferon-gamma, macrophages become 
"a c t iv a te d " ,  a s t a t e  in which they are highly microbicidal and 
tum oric ida l .  These f ive  p o in t s ,  although described by Unanue and
8Allen (1987) in re fe rence  t o  mammalian macrophages, are  read i ly  
ap p l icab le  to t e l e o s t  models as e s ta b l i shed  by Sigel e t  a l . (1986).
The microbicidal  and cyto toxic  defense mechanisms assoc ia ted  with 
phagocytes have rec e n t ly  been c l a s s i f i e d  in to  two broad ca tego r ie s :  
oxygen-dependent and oxygen-independent (Nash e t  a l . ,  1987). Oxygen- 
independent defense  mechanisms involve the  production o f  p ro teases ,  
lysosyme, arachidonic  acid d e r iv a t iv e s ,  and b ioac t ive  amines (R o i t t  e t  
a l . 1985). Although formidable as defense mechanisms, oxygen 
independent pathways have no t  received as much a t t e n t i o n  as oxygen 
dependent mechanisms (Higson and Jones, 1984; Trush e t  a l . ,  1978; 
Johnston,  1978). Many au thors  (Rook e t  a l . ,  1985; Babior e t  a l . ,
1973; Pick and K e isa r i ,  1981; and Roos, 1980), have def ined oxygen- 
dependent mechanisms as those  which r e s u l t  in the production of 
r e a c t i v e  oxygen species  (ROS) such as superoxide anion, hydrogen 
peroxide ,  hydroxyl radical and probably o th e r s .  The o r ig in  and 
genera t ion  of t h e s e  ROS have been ex tens ive ly  reviewed and 
in v es t ig a ted  by Kong and Davison (1980). These au thors  conclude t h a t  
f r e e  r a d ic a l s  a re  extremely toxic  and b io c id a l ,  and in conjunction 
with c e r t a in  h a l id e s  (ch lo r ide ,  bromide, and iodide ion) can denature 
b io log ica l  membranes by oxidation and halogenation.  These compounds 
are  a l so  implicated in the  modulation of  leukotriene-B4-induced 
lymphocyte migration and s t imulat ion o f  lymphocyte p r o l i f e r a t i o n .
Nash e t  a l . (1987) reviewed the l i t e r a t u r e  on methods to  quant i fy  
th e se  ROS biochemically. They reported t h a t  increased oxygen 
u t i l i z a t i o n  can be determined by measuring superoxide anion production 
by superoxide dismutase (SOD)-inhibi t ib le  cytochrome c reduct ion ,  and 
t h a t  hydrogen peroxide production can be measured using the
9peroxidat ion of homovanillic acid in the presence of  horseradish 
peroxidase. In mammals as well as f i s h ,  another method has recen t ly  
been used to measure these ROS leve ls .  Certain hydrazides, such as 
luminol, can r eac t  with ROS to  produce photons, commonly cal led  the 
chemiluminescent response. Higson and Jones (1984) have evaluated 
superoxide anion and hydrogen peroxide content  in rainbow t ro u t  using 
pharmacological scavengers of  these r a d i c a l s ,  and have shown exce l len t  
c o r re la t io n  between the chemiluminescent responses and levels  of the 
r a d ic a l s .  Nash e t  a l .  (1987) invest iga ted  opsonin-enhanced 
i n t r a c e l l u l a r  k i l l i n g  by using the chemiluminescent response. Other 
uses o f  chemiluminescence include studying the e f f e c t s  o f  serum 
fac to rs  (Scott  and Klesius,  1981), s t r e s s  hormones such as co r t i so l  
(Stave and Roberson, 1985), metal contaminants (E lsasser  e t  a l .  1986), 
and i n t r a c e l l u l a r  events and signal t ransduction (Parnham and B i t tn e r ,  
1986).
✓
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SIGNAL TRANSDUCTION INVOLVED IN CELL-MEDIATED IMMUNITY
Recently, the  mode of ac t ion  fo r  signal t ransduct ion  in 
leukocytes (macrophages as well as lymphocytes) has been elucidated 
and reviewed (Isakov e t  a l . ,  1986; Hamilton and Adams, 1987;
Nishizuka, 1987), Upon in te ra c t io n  of  receptor  and ligand (ant igen or 
o ther  s t im u la to rs ) ,  the  membrane-bound guanine regula tory  prote in  
a c t i v a t e s  a sp e c i f i c  phospholipase C (PLC), which cleaves 
phosphatidyl in o s i to l - (b i s ) -p h o sp h a te  (PIP-2) in to  two highly reac t iv e  
metabol i tes ,  in o s i t a l  t r iphosphate  and diacyglycerol (Fig. 1).
Inos i to l  t r iphosphate  (IP-3) d i r e c t l y  e leva tes  calcium s tores  and 
a c t iv a t e s  plasma membrane calcium channels,  while diacyl glycerol (DAG) 
primes prote in  kinase C (PKC), which i s  then f u l l y  ac t iva ted  by the 
increase  in i n t r a c e l l u l a r  calcium l e v e l s .  Elevated calcium le v e l s  can 
also  a c t iv a te  phospholipase A-2 re leas ing  arachidonic acid,  which is  
subsequently metabolized to prostaglandins  and leukotr ienes  (Fig. 2 . ) .  
Arachidonate is  a lso  released by sequential a c t i v i t y  of  PLC and 
diacyl glycerol l i p a s e  (Fig. 3) .  DAG is  a powerful s t imula tor  of PKC, 
which phosphorylates and ac t iv a te s  a number of  enzyme pathways 
including the enzyme system which generates  r eac t iv e  oxygen species  
(RDS). Another function of PKC, associated with lymphocyte 
a c t iv a t io n ,  is  the  promotion of  both IL-2 and IL-2 receptor  
production, as well as c e l l u l a r  growth and p r o l i f e r a t i o n .  In addit ion 
to the  inosi to l-phosphol ip id  second messenger system, a s ig n i f i c a n t  
ro le  in signal t ransduct ion involves cycl ic-adenosine monophosphate 
(CAMP) and cycl ic-guanine monophosphate (CGMP). Such second
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Fig. 1. Transmembrane ac t iva t ion  sequences involved in macrophage 
ac t iva t ion  leading to  the  formation of Reactive Oxygen 
Species (ROS). Receptor-Ligand in te ra c t io n s  a c t i v a t e  guanine 
regula tory  control over phospholipase C(PLC). Phosphatidyl 
inosi to ldiphosphate  is  cleaved by PLC into  aiacylg lycerol  
(DAG) and inos i to l  t r iphosphate  ( IP3) . IP, re leases  calcium 
from i n t r a c e l l u l a r  s to res  and opens plasma membrane calcium- 
channels.  DAG and Ca ac t iv a te  prote in  kinase C (PKC) which 
in turn a c t iv a te s  NADPH oxidase. NADPH is  oxidized re su l t in g  
in the formation of  ,0?> .OH, and H202. Phorboltes ters  such 
as phorbol myris ta te  ace ta te  (PMA) a i r e c t l y  mimic the  action 
of DAG and calcium ionophores such as A23187 d i r e c t ly  mimic 
the act ion  o f  IP3 .
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Fig. 2. The metabolism of  arachidonic acid (20:N4) to  the  
leuko t r ienes  by lipoxygenase a c t i v i t y  and to  the  
p rostag landin  s e r i e s  by cyclooxygenase a c t i v i t y .
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Fig. 3. The central  ro le  of  calcium in transmembrane signal
t ransduc t ion .  (A) Increases in i n t r a c e l l u l a r  calcium leve ls  
a c t iv a te  membrane phospholipase A, to cleave arachidonate 
from phosphatidylcholine (PC). (B) Increases in
i n t r a c e l l u l a r  calcium also a c t iv a te  membrane diacylglycerol  
(DG) l ipase  and phospholipase C, thus re leas ing  arachidonate 
from d ig lycer ide .  Phospholipase C is  a lso  involved in 
phosphat idy l inos i ta l  turnover.  (C) Newly released 
arachidonic acid is  metabolized to the leukotr iene  ser ies  by 
lipoxygenase a c t i v i t y  or  to  the  prostaglandin s e r i e s  by 
cyclooxygenase-activ i ty .
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messengers have a s i g n i f i c a n t  r o le  in calcium modulation in leucocytes  
(Kammer, 1988; Hadden, 1988). Recent pharmacological s tud ies  have 
c l a r i f i e d  the ro le s  o f  several compounds which d i r e c t l y  mediate and 
manipulate the  in t e r a c t io n s  o f  p o s t - r e ce p to r / l ig a n d  in te ra c t io n s .  
Cer ta in  calcium ionophores such as A23187 d i r e c t ly  mimic the act ion  of 
in o s i to l t r ip h o sp h a te  ( IP-3) .  The highly publ ic ized phorbol e s t e r  
tumor promoters such as phorbol m yr is ta te  ace ta te  (PMA) mimic the 
ac t ions  of DAG, thus  d i r e c t l y  a c t iv a t in g  pro te in  kinase C. The cyc l ic  
AMP - adenylate cyclase  system can be a r t i f i c i a l l y  s t imulated by 
dosing c e l l s  with compounds which increase  i n t r a c e l l u l a r  Camp l e v e l s ,  
such as dibutyryl-amp,  theophyl l ine ,  and isobutyl-methyl xanth ine .  By 
manipulating leukocyte ce l l  physiology with these pharmacological 
agents the mode o f  c e l l u l a r  t o x i c i t y  induced by environmental agents 
can be evaluated.
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ENVIRONMENTAL TOXICOLOGY AND THE IMMUNE RESPONSE
The r o le  o f  s t r e s s  in a l t e r e d  physiological  funct ion  and reduced 
r e s i s ta n c e  to  d isease  has been well e s tab l i shed  (Wedemyer, 1970), and 
the  co n t r ib u t io n  of environmental p o l lu ta n t s  to  s t r e s s  has been the 
s ub jec t  of extensive  reviews (Mixer, 1986; Sinderman, 1979, 1984; 
Snieszko, 1974; But ler  e t  a l . ,  1972; B r e t t ,  1958). One of  the most 
s e n s i t i v e  t a r g e t s  of  xenobiot ics  in general and environmental 
p o l lu ta n t s  in p a r t i c u l a r  i s  the  immune response ( E l l i s ,  1981; White,
1986). The proper  balance of t h i s  system i s  a p r e r e q u i s i t e  fo r  
funct iona l  development and homeostasis in a l l  animals (White 1986). 
Growing i n t e r e s t  in the e f f e c t  of  xenobio t ics  on th e  immune system has 
led t o  the  development of  a toxico log ica l  subspecia l ty ,  
immunotoxicology, which combines the e s tab l i shed  d i s c ip l in e s  of  
medicine, microbiology, immunology, pharmacology, and toxicology.
Table 1 l i s t s  a composite o f  various immunological eva lua t ions  
employed c l i n i c a l l y  to  assess  functional  i n t e g r i t y  in response to  
environmental chemicals.  The importance o f  these t e s t s  in evaluat ing 
t e l e o s t  systems in aquat ic  toxicology i s  becoming increas ing ly  
apparent  (Zeeman and Brinkley,  1981).
While the  l i t e r a t u r e  concerning immunotoxicology in ve r teb ra te s  
i s  f a i r l y  la rg e  (White, 1985, 1986; Vos, 1984; Seinen e t  a l . ,  1979), 
t h e r e  remains a s c a rc i ty  o f  information concerning aquat ic  
immunotoxicology. The ava i lab le  l i t e r a t u r e  includes several now 
c l a s s i c  s tu d ie s .  Long-term chronic exposure to lead ace ta te  g r e a t ly  
reduced phagocytic responses in brown bul lhead c a t f i s h ,  and r e s t r i c t e d
16
Table 1. Tests employed fo r  immunotoxicology evalua t ion  of  
environmental chemicals.
General T e s t s :
- weights of  lymphatic organs (thymus, sp leen ,  lymph nodes)
- l e s ions  or  a l t e r a t i o n s  in lymphatic organs
- per ipheral  lymphocyte counts - t o t a l  and d i f f e r e n t i a l
- presence of  immune complex
- i n f e c t i v i t y  o f  challenge with  mixed antigens
- survival of  t ransp lan ted  tumor or  c e l l s
- epidemiological Survey
- lymphocyte t ransformation
Tests  fo r  Evaluating Humoral Immunity:
- measurements of  g lobu l ins ,  t o t a l  or s p e c i f i c
- complement l e v e l s
- sp e c i f i c  antibody t i t e r s  (thymus independent an t igens)
- antibody forming c e l l s  in spleen or lymph nodes (piaque-assay)
- f luorescence v i su a l i z a t io n  o f  plasma c e l l s  in lymphatic organs
- markers fo r  B lymphocytes
- sp e c i f i c  B c e l l  mitogens
Tests  fo r  Evaluating Cell Mediated Immunity
, - delayed h y p e r se n s i t iv i ty
- adjuvant induced a r t h r i t i s
- h o s t - v s . - g r a f t  assay
- response to  thymus-dependent antigens
- T-cel l  mitogens
- T-cell  markers
- t e s t s  fo r  lymphokines
Macrophage Tests Used in Immunotoxicoloaic Evaluation
- accumulation o f  bac te r ia  in lymphatic organs
- nonspecif ic  phagocytosis
- metabolic a c t i v i t y  of  phagocytes
- enzyme assay in macrophage system
(After :  Zeeman and Brindley, 1981)
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t h i s  a c t i v i t y  to  the  me!anomacrophage cen te rs  (Dawson, 1935). Coho 
salmon exposed to  copper in increasing doses exh ib i ted  decreased 
antibody t i t e r s  to  Vibrio anouilarum (Stevens, 1977). Zeeman and 
Brinkley (1975) reported a s l i g h t  decrease  in the  level  o f  an tibodies  
to  bovine serum albumin (BSA) a f t e r  an i n i t i a l  exposure to DDT, with a 
much g r e a t e r  reduction in t i t e r  following a second dose of  DDT. 
Sonstegard e t  a l . (1986) showed a s ig n i f i c a n t  decrease in an t i -sheep  
red blood ce l l  antibody responses in sp len ic  c e l l s  a f t e r  exposure to 
PCB. Spitzbergen (1986) demonstrated only a s l i g h t  e f f e c t  o f  TCDD on 
both humoral and c e l l u l a r  immune responses of  rainbow t r o u t  (Shasta 
s t r a i n ) .  Weeks and Warinner (1984), Weeks e t  a l . (1986) and Warinner 
e t  a l .  (1988) showed decreased macrophage functional a c t i v i t y  in f i s h  
from a po l lu ted  subestuary in c o n t ra s t  to  the same species  taken from 
a r e l a t i v e l y  c lean subestuary .  Cadmium, on the  o the r  hand, caused an 
increase  in phagocytosis in rainbow t r o u t  (E lsa sse r  e t  a l . ,  1986) but 
caused damage to  kidney hematopoietic t i s s u e  in g o ld f i sh .  In CD-I 
mice, polynucleated aromatic hydrocarbons (benzo-a-pyrene, 
dimethylbenzanthracene) have been shown to  block an immune response to 
both a T-dependent antigen and a T-independent ant igen in only 4 days 
(White, 1986). Benzo-a-pyrene and dimethylbenzanthracene are  
c l a s s i c a l  immunosupressors in mammalian immunotoxicology (Dean e t  a l . 
1982).
Both hormonal and pharmacological agents have been s tudied  using 
t e l e o s t  immune function as a model. While h ighly  suppressive  in 
mammals, 6 -mercaptopurine had l i t t l e  or  no e f f e c t  on ant i -bovine  serum 
albumin (BSA) t i t e r s  in t h e  snapper (S iega l ,  1968), but g r e a t ly
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in h ib i te d  c e l l u l a r  immune funct ions  such as g r a f t  r e j e c t i o n  in the 
mummichog (Hildeman, 1970). Cort isone g re a t ly  reduced wound-healing 
time in rainbow t r o u t  (Weinreb, 1959). F le tche r  (1986) reported a 
decrease in C-reac t ive  p ro te in  and reduced neutrophil  chemotaxis a f t e r  
t rea tment  with c o r t i s o l  and adrena l in .  Hildemann and Cooper (1963) 
reported  an increased s c a l e - g r a f t  survival  time in mummichogs t r e a ted  
with dimethyl amine, t r ie thylenethiophosphoramide,  and t r i e t h y l e n e .
OVERVIEW OF THE DISSERTATION
The following chapters  descr ibe  a s e r i e s  of  experiments which 
concern the influence o f  t r i b u t y l t i n  (TBT) on various  aspects  of  
macrophage ac t iv a t io n  in the oy s te r  toadf ish  (Qpsanus t a u ) .  These 
experiments are organized in to  th re e  d i s c r e t e  s ec t io n s ,  based on 
separa te  o b jec t iv e s .  Chapter two concerns the inf luence  o f  i n  v i t r o  
exposure on macrophage a c t iv a t io n  leading to  r e a c t iv e  oxygen 
formation.  A mechanism fo r  the  observed in v i t r o  t o x i c i t y  is  
d iscussed .  Chapter th ree  descr ibes  a pharmacological in v es t ig a t io n  
in to  the  phenomenon o f  TBT-stimulated macrophage a c t iv a t io n .  A 
mechanism fo r  these  observat ions  i s  d iscussed.  Chapter four p resents  
an in v es t ig a t io n  in to  the inf luence  of  in vivo TBT exposure on 
macrophage function in an e f f o r t  to  compare iri vivo r e s u l t s  to  in 
v i t r o  r e s u l t s .
CHAPTER 2
THE INFLUENCE OF TRIBUTYLTIN ON IN VITRO 
ACTIVATION OF OYSTER TOADFISH MACROPHAGES
INTRODUCTION
Previous s tudies  have revealed th a t  se lec ted  spec ies  of  f i n f i s h  
exposed to  to x ic  p o l lu t a n t s  e x h ib i t  g re a t ly  reduced macrophage 
phagocytic,  chemotactic,  and chemiluminescent responses,  and th e r e fo re  
may be more su sc ep t ib le  to  d isease  (Weeks and Warinner 1984; Weeks e t  
a l .  1986; Warinner e t  a l . 1988).
Following in t e r a c t io n  with lymphokines such as macrophage 
ac t iv a t io n  f a c to r  (MAF) and migrat ion in h ib i t io n  f a c t o r  (MIF), 
macrophages become "ac t iv a te d " ,  a condit ion which renders  them highly 
microbicidal and tum oric ida l .  A t t r ib u te s  of  the physiochemical and 
morphological changes between the  r e s t in g  and f u l ly  ac t iv a ted  
macrophage include increased  syn thes is  of  r ea c t iv e  oxygen 
in te rm edia tes  (ROI), tumor nec ros is  f a c to r s ,  genet ic  r e s t r i c t i o n  
antigens,  complement f a c t o r  r ecep to rs  and immunoglobulin recep to rs  
(Adams and Hamilton 1984; Sell 1987; Chung and Secombes 1987).
The measurement o f  enhanced ROI formation following a c t iv a t io n  
has been used ex tens ive ly  as an index of phagocytic funct ion in f i s h .  
The methodology includes  d i r e c t  measurement of  individual  r ad ica l  
species (Secombes e t  a l . 1987; Chung and Secombes 1988) as well as
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luminol-enhanced amplif ica t ion of  chemiluminescence, which is  a 
photochemical product of  the oxida t ive  b u rs t  r e su l t in g  in ROI 
production (Scott  and Klesius 1981; Stave e t  a l .  1983, 1984; Elsasser  
e t  a l .  1986). The i n t r a c e l lu l a r  events occurring during signal 
t ransduct ion and ROI formation have been the  subjec t of  recent  in- 
depth reviews (Berton e t  a l . 1982; Scott  e t  a l .  1983; Babior 1984; 
Chung and Secombes 1987; Adams and Hamilton 1984; Hamilton and Adams 
1987).
This chapter  repor ts  the r e s u l t s  of in v es t ig a t io n s  of the 
influence of the  marine an ti foul  an t  agent t r i b u ty l  t i n  (TBT) on the 
chemiluminescent response of per i toneal  macrophages from the oys ter  
toadf ish  (Qpsanus t a u ) using the pharmacological s t imula tors  inducers 
phorbol myris ta te  ace ta te  (PMA) and calcium ionophore (A23187). The 
t o x i c i t y  of  TBT has been linked to  cytological  damage occurring 
pr imari ly  a t  the  membrane leve l .  TBT has an octanol-water p a r t i t i o n  
c o e f f i c i e n t  o f  between 2300 and 5500 (Laughlin et a l . 1986) and, 
th e re fo re ,  i s  eas i ly  associa ted with l i p i d  r ich  environments, 
including c e l l u l a r  membranes (Selwyn 1976; Saxena 1987). Results of 
t h i s  a ssoc ia t ion  include molecular aggregations of  t i n  on the cel l  
membrane which behave as general ionophores,  f a c i l i t a t i n g  anion 
exchange (Gray e t  a l .  1986) as well as in h ib i t ion  o f  calcium and 
sodium t ran sp o r t  (Selwyn 1976). TBT is  a powerful hemolysin (Byington 
e t  a l . 1974), and i n h ib i t s  oxidat ive  phosphorylation by binding to 
hydrophobic subunits o f  the  ATP synthetase complex in mitochondrial as 
well as in ch loroplas t  membranes (Aldridge 1976). Since exposure to 
tox ic  chemicals is  known to suppress c e l l u l a r  immune a c t iv i t y  in f ish ,
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the  present  study was conducted to  evaluate  the  e f f e c t s  of  TBT on the 
CL response of f i sh  macrophages.
Since the  events leading to  macrophage ac t iv a t io n  are highly 
dependent on membrane i n t e g r i t y  and calcium mobil iza t ion,  any physical 
or chemical per tu rba t ion  of membrane s ta tu s  could be detrimental to 
the immunocompetence o f  an organism.
METHODS
Fish
Adult oys te r  toad f ish  used in t h i s  study were captured by o t t e r  
trawl net  from the upper York River, Virginia  (37°18’48" N, 
76°35’08"W). Fish were maintained in 500 L f ib e rg la s s  tanks with 
running seawater (10 L/min) a t  18-22 °/oo s a l i n i t y  and 20-24°C. All 
f i sh  were acclimated fo r  2  weeks p r io r  to  experiments and fed l i v e  
k i l l i f i s h  IFundulus h e t e r o c l i t u s l ad l ib i tum and a prepared n u t r ie n t  
g e la t in  block (Choromanski e t  a l . 1987) a t  3 day in te rv a l s .
Iso la t ion  of  Peritoneal Macrophages
Peritoneal exudate c e l l s  were i so la ted  by a modification of the 
procedure of  Oliv ier  e t  a l . (1986). For each experiment, individual 
f i sh  were anes the t ized  in 3-aminobenzoic acid (MS-222) (Sigma; 150 
mg/L) fo r  3 min. Ten mL of Hanks’ Balanced S a l t  Solution (HBSS) 
(adjusted to  0.6% s a l i n i t y  and pH 7.6) was in jec ted  in to  the 
per i toneal  cavity  using a 10-mL syringe and an 18 gauge needle.  Prior 
to  removal of  per i toneal  c e l l s ,  f i sh  were manipulated to ensure mixing 
throughout the body cav i ty .  A small inc is ion  was made and peri toneal
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f l u i d  was removed using a g la ss  p ip e t t e ,  d i lu t e d  in 5 mL cold HBSS and 
cen tr i fuged  a t  550 x g rav i ty  fo r  2 min. The supernate  was removed and 
the  r e s u l t a n t  c e l l  p e l l e t  resuspended in 6  mL o f  HBSS. Cells  were 
counted in a hemacytometer and v i a b i l i t y  determined by trypan blue 
exc lus ion .  Cell p repara t ions  contained approximately 5% lymphocytes 
and 95% macrophages as determined by d i f f e r e n t i a l  s ta in in g .  Dilut ions  
o f  macrophages were prepared in HBSS and s tored  a t  15°C fo r  2 hr.
Reagents
Stock so lu t io n s  of  calcium ionophore A23187 (Sigma) and phorbol 
m y r i s ta te  a c e ta te  (PHA) (Sigma) were dissolved in dimethyl sulfoxide  
(DMSO) (Sigma) a t  2.5 mg/mL and 1.0 mg/mL, r e sp ec t iv e ly ,  and s to red  a t  
-10°C u n t i l  use. Aliquots  of  s tock so lu t ions  were d i lu te d  in HBSS 
conta ining calcium (calcium ch lor ide  dihydrate)  a t  a level previously  
determined to  be optimal fo r  des ired  r e s u l t s  (HBSS+Ca). To increase  
the  calcium concentra t ion  of HBSS (HBSS+Ca), calcium ch lor ide  
d ihydra te  was d isso lved  in HBSS fo r  supplemented medium (HBSS/Ca). 
Ethylene g l y c o l - b i s - ( -aminoethyl e t h e r ) - t e t r a a c e t i c  acid (EGTA) 
(Sigma) was d i lu t e d  in HBSS to  des ired  concentra t ions .  Luminol 
(Aldrich)  was prepared following procedures described by Scott  and 
Kles ius  (1981). Luminol stock  so lu t ion  was made by d isso lv ing  0.78 g 
potassium hydroxide, 0.618 g boric ac id ,  and 0.014 g luminol in 10 mL 
d i s t i l l e d  water .  The s tock so lu t ion  was wrapped in fo i l  and s tored 
fo r  up to  3 days. Working d i lu t i o n s  (1:10,000) in HBSS +Ca were used 
with in  8  h o f  p repara t ion .  T r ib u ty l t in  chlor ide  (Aldrich) so lu t ions  
were prepared in HBSS a t  5.0 mg/L and d i lu ted  10-fold.  Stock so lu t ion
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concentra t ions  were confirmed by gas chromatography (Rice e t  a l .
1987). TBT r e f e r s  to  TBT+ in aqueous so lu t ion .
Chemiluminescence Assay (CL)
Procedures for  the CL assay were adapted from Warinner e t  a l . 
(1988). S c i n t i l l a t i o n  v i a l s  (Wheaton) contained 0 .5  mL luminol 
(working d i l u t i o n  contain ing calcium),  0.100 mL c e l l  suspension (1 - 
1.5 x 10^ c e l l s ) ,  0.17 mL TBT so lu t io n ,  0.125 mL o f  PMA or A23187, or 
0.125 mL o f  each (PHA+A23187) fo r  sy n e rg i s t i c  s t im u la t io n s ,  and 
HBSS+Ca to  volume. Vials  contained 1.7 ml of  t o t a l  incubation 
suspension. Blank v i a l s  were prepared by replac ing  the  s timulus  with 
0.125 mL o f  HBSS+Ca, while in TBT control  v ia l s  TBT was rep laced  by 
0.17 mL of  HBSS+Ca. For calcium che la t ion  experiments,  v i a l s  
contained 0.100 ml of  EGTA to  give a t o t a l  concentra t ion  o f  4 .0  mM 
EGTA. Each t r i a l  was done in t r i p l i c a t e  and counted in a l i q u i d  
s c i n t i l l a t i o n  counter  f o r  12 sec a t  6  min in te rv a l s  f o r  40 min. 
Preliminary experiments showed t h a t  peak counts fo r  PMA- and 
PMA+A23187-st imulated CL occurred a t  12-15 minutes,  while peak counts 
f o r  A23187- and TBT-stimulated CL occurred a t  18-20 minutes.  Counting 
cycles  were adjusted to  6  min i n t e r v a l s  to  include peak CL responses 
f o r  each experiment.  Data were recorded as peak counts per minute per 
100,000 c e l l s  fo r  the 12 sec per iod.  S t a t i s t i c a l  an a ly s is  o f  data  
cons is ted  o f  a log-^x (Zar, 1984) t ransformation followed by a one-way 
ana lys is  of  variance.  Comparison of  t reatment  to control  groups was 
performed as descr ibed by Dunnett (1955).
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Calcium-45 uptake Assay
The in f luence  of  TBT on calcium f lux  was determined by measuring 
the  amount o f  calcium-45 sequestered in to ad f ish  macrophages. 
Calcium-45 (Amersham) was d i lu te d  in HBSS/Ca to  4 uCi per  ml ( labeled 
b u f f e r ) .  Cul ture tubes contained labeled bu f fe r ,  TBT, and macrophages 
in a t o t a l  volume of  1.0 ml. Control tubes contained labe led  buf fe r  
only or  macrophages and labeled  bu f fe r .  Culture tubes were incubated 
f o r  15 min a t  22°C. Following exposure to  TBT, c e l l s  were co l lec ted  
on g la s s  f i b e r  f i l t e r s  (Whatman) by vacuum f i l t r a t i o n .  F i l t e r s  were 
r in sed  with 5 ml of  HBSS, placed in 10 ml of  Quantif luor  S c i n t i l l a t i o n  
cock ta i l  (Mall inckrodt,  Inc .)  and counted using a Beckman 
s c i n t i l l a t i o n  counter  (LS/5000 TD). Data were recorded as counts per  
min (cpm) per  1 0 ^ c e l l s .
RESULTS
Preliminary experiments revealed th a t  1.6 uM PMA, 16 uM A23187 
and a combination of  0.16 urn PMA and 1.6 urn A23187 (PMA+A23187) 
y ie ld ed  optimal CL responses; th e r e fo re ,  a l l  subsequent assays 
u t i l i z e d  these  concentra t ions .  The e f f e c t  of  e x t r a c e l l u l a r  calcium on 
A23187- and PMA-stimulated CL i s  demonstrated in Figure 4. The CL 
response s t im ula ted  by A23187 i s  dependent on e x t r a c e l l u l a r  calcium, 
and the re  i s  an upper l im i t  to  the  response (Figure 4a) .  Subsequent 
assays u t i l i z e d  media conta ining 4.0 mM calcium (HBSS/Ca). In PMA- 
s t im ula ted  CL, e x t r a c e l l u l a r  calcium e l i c id e d  a response above the 
base l ine  value (Figure 4b).  However, concentra tions  above 0.125 mM 
did  not s i g n i f i c a n t l y  a l t e r  the response. In a l l  subsequent
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Figure 4. Effect o f  e x t r a c e l l u l a r  calcium on chemiluminescence
s timulated  by (a) calcium ionophore (A23187) (16 uM) and 
(b) phorbol m yr is ta te  a ce ta te  (PMA) (1.6 uM). Basel ine 
v i a l s  contained no stimulus. Values are expressed as the 
means (+ SE) of  four  experiments.
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experiments,  4 .0  mM calcium was used to  supplement incubation media 
(HBSS/Ca) in both A23187- and PMA-stimulated CL assays .
Figure 5 i l l u s t r a t e s  th e  r e s u l t  o f  in v i t r o  TBT exposure on PMA-, 
A23187- and PMA+A23187-stimulated CL. There was a s ig n i f i c a n t  
s t im ula t ion  o f  CL above PMA con t ro ls  a t  50 ug/L (£<0.01),  but a 
s ig n i f i c a n t  depress ion a t  500 ug/L TBT (PcO.Ol) (Figure 5a).  For 
A23187-stimulated CL, the re  was a s ig n i f i c a n t  increase  above the  
A23187 control  a t  5 ug/L (P<0.05) and 50 ug/L TBT (PcO.Ol), followed 
by a s i g n i f i c a n t  depression a t  500 ug/L (PcO.Ol) (Figure 5b).  A 
s ig n i f i c a n t  s t im ula t ion  of  CL above the PMA+A23187 control values 
occurred a t  50 ug/L TBT (PcO.01) followed by a s ig n i f i c a n t  depress ion 
a t  500 ug/L (PcO.Ol) (Figure 5c).
The r e s u l t s  of experiments in which e x t r a c e l l u l a r  calcium was 
removed from v i a l s  containing 50 ug/L TBT and PMA+A23187 are shown in 
Figure 6 . This concentra t ion of  TBT was chosen because of  the 
c o n s is te n t  enhancement of th e  CL response above control  values shown 
in Figure 5a-2c.  The combination of  PMA and A23187 was used because 
of t h e i r  known s y n e rg i s t i c  e f f e c t s  in inducing second messengers.  By 
che la t ing  e x t r a c e l l u l a r  calcium with 4.0 mM EGTA, the CL response was 
reduced to base l ine  counts.
These experiments led  to  the  hypothesis  th a t  TBT alone could 
s t im ula te  ROI formation and thus  a CL response. Experiments were 
i n i t i a t e d  to  in v es t ig a te  th e  s t im ula t ing  p roper t ie s  o f  TBT. In th e  
presence of  50 ug/L TBT, a CL response s ig n i f i c a n t l y  ( P<0.01) g r e a t e r  
than base l ine  con tro ls  was observed, but with the add i t ion  of  4.0  mM 
EGTA the CL response was reduced to base l ine  values (Figure 7).
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Figure 5. Effect  of i n  v i t ro  t r i b u t y l t i n  (TBT) exposure on
chemiluminescence s timulated by (a) phorbol myris ta te  
ace ta te  (PMA) (1.6 uM), (b) calcium ionophore (A23187) (16 
uM), and (c) PMA+A23187 (0.16 uM and 1.6 uM respec t ive ly ) .  
Values are expressed as the means (+ SE) of  six 
experiments.  S ign if ican t  points  are indicated  by * 
(P<0.05) and ** (P<0.01).
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Figure 6 . Effect  o f  calcium removal by EGTA on t r i b u t y l t i n  (TBT)
enhanced chemiluminescence s t imulated  s y n e r g i s t i c a l l y  by 
phorbol myris ta te  ace ta te  (PMA) (0.16 uM) and calcium 
ionophore (A23187) (1.6 uM). Values are  expressed as the 
means (+ SE) of s ix  experiments.
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Figure 7. Chemiluminescence s timulated by t r ib u ty l  t i n  (TBT), and the 
e f f e c t  of  calcium removal by EGTA. Values are expressed as 
the means (+ SE) of s ix  experiments.  S ig n i f ic a n t  points  
are indicated by ** (£<0 . 0 1 ) .
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The r e s u l t s  of  experiments to  determine the  influence of  TBT on 
calcium f lu x  in toad f ish  macrophages are presented in Figure 8 . At 50 
ug/L, TBT caused an increase  in calcium-45 uptake by macrophages, but 
a t  500 ug/L TBT in h ib i ted  calcium-45 uptake.
DISCUSSION
Events leading to  the  ac t iv a t io n  of  mammalian phagocytes 
r e s u l t i n g  in ROI formation have been the su b jec t  of several  in-depth 
reviews (Adams and Hamilton 1984; Hamilton and Adams 1987; Lindena e t  
a l . 1987). An external  signal s t im ula tes  a polyphosphoinos i to l- 
s p e c i f i c  phospholipase C, followed by the hydrolysis  of 
phosphatidyl inos i to l -4 ,5 -b isphospha te  (PIP^) t o  a water soluble  
i n o s i to l  t r iphospha te  (IP 3 ) and a l i p i d  so lub le  diacyl g l y c e r o l . The 
e f f e c t  of IP3 , which i s  mimicked by calcium ionophores such as A23187, 
i s  to  r e l e a se  i n t r a c e l l u l a r  calcium from endoplasmic re t icu lum s to re s ,  
thus  increasing  i n t r a c e l l u l a r  calcium l e v e l s .  The e f f e c t  of  DAG, 
which is  mimicked by phorbol e s t e r  tumor promoters such as PMA, i s  to  
prime a p ro te in .k in a se  C, thus lowering i t s  a f f i n i t y  fo r  calcium. The 
s y n e rg i s t i c  act ion of  these  two pathways r e s u l t s  in the production of  
a c t iv a ted  pro te in  kinase C, which in turn a c t iv a te s  a membrane NADPH 
oxidase. In the presence of molecular oxygen, NADPH oxidase produces 
superoxide anion, a s trong oxidizing agent which acts  on luminol to 
y i e ld  a measurable quan t i ty  of l i g h t  (Trush e t  a l .  1978). Scott  e t  
a l . (1983), Bonney e t  a l . (1985), and Tripp e t  a l . ^.985) have 
provided evidence t h a t  increased i n t r a c e l l u l a r  calcium can lead to 
d i r e c t  a c t iv a t io n  of  phospholipaseA  ^ thus r e lea s in g  arachidonate
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Figure 8 45Effect of  t r ib u ty l  t i n  on Calcium uptake in oyster 
toadf ish  macrophages. Values are expressed as the mean (± 
SE) of four experiments.
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from membrane phospholipid pools.  Arachidonate i s  then metabolized to 
the prostaglandin and leukotr iene  s e r i e s  by cyclooxygenase and 
lipoxygenase a c t i v i t i e s ,  re spec t ive ly .  During these  reac t ions  ROI are 
temporarily formed, and can also  be detected through a CL assay. In
V
addit ion to  phospholipase A2  s t imulat ion ,  arachidonate metaboli tes  are 
detected  following sequentia l act ions o f  phospholipase C and 
diacyl glycerol l ip a se s  ( i . e . ,  PHA-induced).
The e f f e c t s  of  increasing e x t r a c e l lu la r  calcium leve ls  on A23187- 
and PHA-stimulated CL with oys te r  toadf ish  macrophages are cons is ten t  
with the  known ro le  of calcium in the ac t iva t ion  of leukocytes in 
mammalian c e l l s .  Direct  ac t iva t ion  of  phospholipase A2  and 
arachidonate metabolism, and possibly the ac t iv a t io n  of  p ro te in  kinase 
C due to  i t s  a f f i n i t y  fo r  calcium (Isakov e t  a l . 1986), may account 
for  increased CL re su l t in g  from increases in calcium concentrat ions  up 
to 4.0 mM. Our r e s u l t s  suggest t h a t  there  is  an upper l im i t  to  the 
a b i l i t y  of  macrophages to  use calcium as a second messenger. The 
p o s s i b i l i t y  e x i s t s  th a t  higher  leve ls  o f  calcium are extruded from the 
cel l  or t h a t  calcium is  sequestered in i n t r a c e l l u l a r  s to res  such as 
the endoplasmic reticulum and mitochondria.  The presence of  
e x t r a c e l lu l a r  calcium above 0.125 mM did not increase PMA-stimulated 
CL in t h i s  study and is  cons is ten t  with the assumption t h a t  prote in  
kinase C has a threshold a f f i n i t y  fo r  calcium.
Tributyl t i n  was administered in doses approximating l e v e l s  found 
in the  environment (ng/L) (Huggett e t  a l . 1986) as well as those 
reported in several in v i t r o  exposure s tudies  (ug/L) (Byington e t  a l .  
1974; Arakawa and Wada 1984). Their doses are also within a range
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t h a t  includes  a 96-hr LCgQ o f  1.5 ug/L TBT in the  Chinook salmon 
fOncorhvnchus tshawvtscha) (Short and Thrower 1986) and a 21 day LCg0  
o f  0.96 ug/L TBT in the sheepshead minnow (Cvprinodon v a r i e a a tu s l 
(Ward e t  a l . 1981). I t  was su rp r i s ing  to  f ind  an enhancement peak-at  
50 ug/L TBT p r i o r  to  a depression a t  500 ug/L in PMA-, A23187-, and 
PMA+A23187-stimulated CL. Reports o f  i n h ib i t io n  of  c e l l  funct ion a t  
TBT doses of  3-10 uM (1-3 mg/L) (Arakawa and Wada 1984; Gray e t  a l .
1986) c o r r e l a t e  well with these  f indings  a t  500 ug/L, but s t imulat ion 
o f  ce l l  funct ion  a t  lower doses (ug/L) such as noted here , have not 
been reported .
With p r io r  knowledge of  both the  h i s t o r i c a l  da ta  on membrane 
t o x i c i t y  due to  TBT and the  regu la tory  ro le  of  the  membrane in 
phagocytic func t ion ,  i t  was pos tu la ted  t h a t  TBT causes a calcium 
in f lux  a t  lower doses than those which t o t a l l y  i n h i b i t  calcium f lu x
4
(Arakawa and Wada 1984). The e f f e c t  of  e x t r a c e l l u l a r  calcium removal 
on the  CL response was inves t iga ted  by using EGTA, a ca lc ium -spec i f ic  
c h e la to r  t h a t  does not c ross  the ce l l  membrane (Trush e t  a l .  1978).
The r e s u l t s  showed a reduction of enhanced CL counts to  basel ine 
l e v e l s  of  a c t i v i t y  following calcium removal. This ind ica tes  a r o le  
o f  calcium in the  enhanced PMA+A23187-stimulated CL following exposure 
to  50 ug/L TBT. Further experiments t e s t e d  the hypothesis tha t  TBT, 
with and without e x t r a c e l l u l a r  calcium, and without PMA or A23187, 
could s t im u la te  a CL response. At 50 ug/L TBT, a s ig n i f i c a n t  CL 
response was s tim ula ted ;  th e re fo re  R0I formation appears to be due to 
TBT exposure. By che la t ing  the e x t r a c e l l u l a r  calcium from the medium, 
ROI formation as measured by CL was in h ib i t e d .  The r e s u l t s  of
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calcium-45 uptake experiments suggest t h a t  TBT may f a c i l i t a t e  an 
inward f lux  o f  calcium a t  50 ug/L. At 500 ug/L, the  i n h ib i t i o n  of CL 
responses may be due to  an in h ib i t io n  of Ca f lu x ,  which would explain 
th e  depressed CL response a t  500 ug/L TBT in terms of ca lc ium-re la ted  
i n t e r c e l l u l a r  s ig n a l s .  By blocking calcium movement across  the  plasma 
membrane, e i t h e r  by impeding v o l ta g e - se n s i t iv e  calcium channels  or 
modulating the  act ion  o f  o ther  regu la tory  p ro te in s  ( c a r r i e r - p r o t e i n s ) , 
TBT could i n h i b i t  transmembrane signal  t ransduc t ion .  Fur ther  research 
to  in v e s t ig a te  the  mechanism of TBT-induced membrane a l t e r a t i o n s  is 
needed to  address these hypotheses.
These f ind ings  suggest th a t  in add i t ion  to  previously discussed 
modes of  t o x i c i t y ,  TBT a lso  induces ROI formation, which could  be 
followed by membrane l i p i d  a l t e r a t i o n  and dysfunct ion.  Although 
phagocytic funct ions  are  sp e c i f i c  fo r  calcium as second messengers 
and, t h e r e fo re ,  su scep t ib le  to modulation, many other  ce l l  types  as 
well as physio logical  processes u t i l i z e  calcium in signal t ransduc t ion  
and a c t iv a t io n .
Further  research i s  presented in chapter  th re e  th a t  descr ibes  the  
source of  CL s timulated by TBT. Preliminary r e s u l t s  suggest t h a t  both 
superoxide anion and arachidonate metabolism accounts fo r  a la rge r  
por t ion  of  the  CL response.  The manipulation of  t h i s  system should 
y i e l d  an understanding o f  the physiology of leukocyte a c t iv a t io n  and 
produce a s e n s i t i v e  model t h a t  can be used to  es timate environmental 
impact as well as the mode of  t o x i c i t y  of various xenobio t ics .
CHAPTER 3
AH ANALYSIS OF TRIBUTYLTIN-STIMULATED FORMATION OF REACTIVE 
OXYGEN INTERMEDIATES IN OYSTER TOADFISH MACROPHAGES
Introduct ion
T r ib u ty l t i n  compounds have been used ex tens ive ly  in s l im ic id es ,  
wood p re se rv a t iv es  and an t i  foul ant p a in ts  due to  t h e i r  b iocidal  
p ro p e r t i e s .  The mode of t o x i c i t y  of  t h i s  c la s s  o f  organotin  compounds 
has been l inked to  i t s  a s soc ia t ion  with b io log ica l  membranes. Seinen 
(1978) and Saxena (1987) have reviewed the h i s t o r i c a l  aspects  of 
t r i b u t y l t i n  usage as well as var ious endpoints o f  t o x i c i t y ,  including 
immunotoxicology.
In mammals t r i b u t y l t i n  immunotoxicology has been a t t r i b u t e d  to  an 
in te r f e r e n c e  in i n t r a c e l l u l a r  communication between c e l l s  involved in 
T-dependent immune responses (Vos, e t  a l . ,  1984). The experiments 
described in Chapter 2 demonstrated t h a t  i n  v i t r o  t r i b u t y l t i n  exposure 
in f luences  various aspects  of a c t iv a t io n  in o y s te r  to ad f ish  (Qpsanus 
tau)  macrophages by a l t e r in g  calcium f lux  in a dose dependent manner. 
At 50 ug/L, t r i b u t y l t i n  f a c i l i t a t e s  an inward calcium flux  in 
macrophages, thereby t r ig g e r in g  calcium-dependent i n t r a c e l l u l a r  signal 
t ransduc t ion  events .  Activation i s  measured as enhanced Reactive 
Oxygen Intermedia te  (ROI) production in a luminol-dependent 
chemiluminescent (CL) response. I t  i s  suggested t h a t  t r i b u t y l t i n  a t
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50 ug/L can lead to  t r a n s i e n t  a c t iv a t io n  by modulating calcium f lux  
across  the  macrophage plasma membrane, but a t  higher  doses , calcium 
f lu x  may be in h ib i t e d .
The s e r i e s  of  c e l l u l a r  events  involved in macrophage a c t iv a t io n  
leading to  the  formation of ROI has been the  sub jec t  o f  recent reviews 
(Adams and Hamilton, 1984; Hamilton and Adams, 1987; Secombes, 1987). 
ROI formation involves a membrane-bound NADPH oxidase system which 
generates  superoxide anion followed by a dismutat ion to  hydrogen 
peroxide and the  formation o f  hydroxyl r a d i c a l s  through the  Haber- 
Weiss r e a c t io n .  The a c t iv a t io n  of NADPH oxidases i s  a t t r i b u t e d  to  
priming o f  p ro te in  kinase C through diacyl  glycerol and in o s i to l  
t r ip h o sp h a te  produced during membrane-polyphosphatidyl in o s i to l  
tu rnover .  This occurs in response to  a v a r i e ty  of  s t imuli  such as 
hormones, lymphokines (macrophage a c t iv a t in g  fac to r )  and ;phagocytic 
events .  Reactive oxygen formation a lso  occurs through calcium-induced 
ac t iv a t io n  o f  Phospholipase Ag and diacyl  g ly c e r o l - l i p a s e  followed by 
the  subsequent r e l e a se  and metabolism of  arachidonate (Ashman, 1984).
All o f  the  above s teps  involve a t r a n s i e n t  inc rease  in 
i n t r a c e l l u l a r  calcium concentra t ions  which can be i n i t i a t e d  by 
t r i b u t y l t i n ,  as shown in previous  s tud ies  (Chapter 2) .  The research  
described in t h i s  chapter  was i n i t i a t e d  to  provide an ana lys is  of  
i n t r a c e l l u l a r  events involved in t r i b u ty l  t i n - s t im u la te d  CL response. 
S t imulat ion by t r i b u t y l t i n  was compared to  s t im ula t ion  by phorbol 
m yr is ta te  a c e ta te  (PMA), calcium ionophore (A23187), and PMA+A23187 by 
examining r e l a t i v e  CL responses to scavengers of generated  r a d i c a l s ,  
agents which increase  i n t r a c e l l u l a r  c y c l i c  adenosine l e v e l s ,
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i n h ib i to r s  of  arachidonate  metabolism, and agents which modulate 
calcium movement and t r a n sp o r t .
Through the use o f  such in h ib i to r s  and an tagon is t s  o f  normal 
physiological sequences, a mode o f  TBT-induced t o x i c i t y  to  macrophages 
has been e luc ida ted .
METHODS AND MATERIALS
Fish
Adult oys te r  to ad f i sh  used in t h i s  study were captured by o t t e r  
trawl ne t  from the upper York River,  Virg in ia  (37°18’ 48"N, 76°35*08" 
W). Fish were maintained in 500L f ib e rg la s s  tanks with running 
seawater (10 L/min) a t  18-22 s a l i n i t y  and 20-24 C. All f i s h  were 
acclimated fo r  2  weeks p r io r  to  experiments and fed l i v e  k i l l i f i s h  
(FunduUts h e t e r o c l i t u s l ad l ib i tum  and a prepared n u t r i e n t  g e l a t i n  
block (Choromanski e t  a l . ,  1987) a t  7 day i n t e r v a l s .
ISOLATION OF PERITONEAL MACROPHAGES
Resident per i toneal  exudate c e l l s  were i so la t e d  by previously  
descr ibed methods (Chapter 2).
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REAGENTS
Stock so lu t ions  of calcium ionophore A23187 (Sigma) and phorbol 
m yr is ta te  ace ta te  (PHA) (Sigma) were dissolved  in dimethyl sulfoxide 
(DHSO) (Sigma) a t  2.5 mg/mL and 1.0 mg/mL re sp ec t iv e ly ,  and s tored  at 
-10 C unt i l  use. Aliquots o f  stock so lu t ions  were d i lu ted  in HBSS 
containing calcium (calcium chlor ide  dihydra te)  a t  optimal 
concentrat ions  fo r  a l l  assays.  Luminol (Aldridge) and t r i b u t y l t i n  
ch lor ide  (Aldridge) so lu t ions  were prepared as previously described 
(Chapter 2). Isobutyl-1-methylxanthine (Sigma), indometacin (Sigma), 
and nordihydroguaiaret ic acid (Sigma), were d issolved in ethanol and 
d i lu te d  to working concentrations  in 0.1% ethanol.  Tr i f luoperaz ine  
(Sigma), verapamil (Sigma), su'peroxide dismutase (Sigma), and sodium 
benzoate (Sigma) were a l l  d issolved in HBSS/Ca and d i lu ted  to  des ired  
concentra t ions .
CHEMILUMINESCENCE ASSAY
Procedures fo r  the chemiluminescence assay were iden t ica l  to  
those  previously described (Chapter 2) ,  Concentrations of rad ica l  
scavengers and metabolic in h ib i to r s  were chosen based on l i t e r a t u r e  
values and dose response curves es tab l ished  using PMA-stimulated 
chemi 1 umi nescence.
All data were described as percent in h ib i t io n  of  the 
chemiluminescent response. For s t a t i s t i c a l  ana lys is ,  percentages were 
a rcs ine  transformed (Zar, 1984) p r io r  to  one-way analysis  of  variance 
(ANOVA). Comparison of PMA-, PHA+A23187-, and A23187-stimulated CL to 
t h a t  of TBT-stimulated CL was performed as described by Dunnett 
(1955).
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RESULTS
The r e s u l t s  of preliminary experiments to  determine the optimal 
concentra t ions  of  pharmacological in h ib i t io n  of the TBT-, PMA-, 
PMA+A23187-, and A23187-stimulated CL response are demonstrated in 
Figures 9 through 13. The a b i l i t y  o f  superoxide dismutase (SOD) to 
i n h i b i t  PHA-stimulated CL is  demonstrated in Figure 9. Ser ia l 
d i l u t i o n s  of SOD resu l ted  in 100% in h ib i t io n  a t  2.5 units/mgL, 40% 
in h ib i t io n  a t  1.25 un i ts /m l ,  and 0% in h ib i t ion  a t  0.625 units /ml,  
t h e re fo re  1.25 units/ml SOD was used in subsequent experiments.  The 
a b i l i t y  of sodium benzoate (SB) to  scavenge hydroxyl radica l  generated 
in PMA-stimulated CL is  demonstrated in Figure 10. Tenfold d i lu t io n s  
o f  SB resu l ted  in a 35% in h ib i t io n  a t  10‘ 2 M, 4% in h ib i t io n  a t  10"3 M, 
and 0% in h ib i t io n  a t  10“^M, the re fo re  10‘ 2M SB was used in subsequent 
experiments.  The a b i l i t y  of  the cyclooxygenase in h ib i to r  indometacin 
(IM), and the lipoxygenase in h ib i to r  nordihydroguaiaret ic  acid (NDGA), 
to  i n h i b i t  PMA-stimulated CL is  demonstrated in Figure 11. Tenfold 
d i lu t i o n s  of  IM resu l ted  in 100% in h ib i t io n  a t  10"4 M, 45% inh ib i t ion  
a t  10"5 M, and 0% inh ib i t ion  a t  10"6 M, there fo re  10‘ 5M IM was used in 
subsequent experiments.  Tenfold d i lu t io n s  of  NDGA resu l ted  in 100% 
in h ib i t io n  a t  10"8 M, 35% in h ib i t ion  a t  10~7 M, and 0% in h ib i t io n  a t  
1 0 ' 8 M, the re fo re  10"7M NDGA was used in subsequent experiments.
The a b i l i t y  of the phosphodiesterase in h ib i to r  Isobutyl-methyl 
xanthine (IBMX) to  i n h ib i t  PMA-stimulated CL i s  demonstrated in Figure 
12. Ten-fold d i lu t io n s  of  IBMX resu l te d  in 100% in h ib i t io n  a t  10"3 M, 
45% inh ib i t io n  a t  10"4 M, and 0% in h ib i t io n  a t  10"5 M, the re fo re  10"^M 
IBMX was used in subsequent experiments.  The a b i l i t y  of  the 
calmodulin antagonist  t r i f lu o p e ra z in e  (TF) and the calcium channel
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Fig. 9. In h ib i t io n  o f  Phorbol Myris ta te  Acetate (PMA) (1.6 uM) 
st imulated  chemiluminescence by the  enzyme, superoxide 
dismutase (SOD), in per i tonea l  macrophage from the oys te r  
toadf ish  (Opsanus t a u l .  Chemiluminescence was measured in a 
Beckman LS-150 s c i n t i l l a t i o n  counter .  Each po in t  rep resen ts  
the  mean (+ SE) of  3 separa te  determinations from d i f f e r e n t  
f i s h  using 1.2 x 10 c e l l s  per v i a l .  Values are expressed as 
percentages o f  control response.
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Fig. 10. In h ib i t ion  of Phorbol Myristate Acetate (PMA) (1.6 uM)
stimulated chemi1uminescence by the sodium benzoate (SB) in 
per i tonea l  macrophages from the oys te r  toadf ish  (Opsanus 
t a u ) . Chemi luminescence was measured in a Beckman LS-150 
s c i n t i l l a t i o n  counter .  Each point represents  the  mean (+ 
SE) o f  35separate determinations from d i f f e r e n t  f i s h  using 
1.2 x 10 c e l l s  per  v ia l .  Values are expressed as 
percentages of control  response.
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Fig. 11. Inh ib i t ion  o f  Phorbol Myris ta te  Acetate (PMA) (1.6 uM) 
stimulated chemiluminescence by Indometacin (IM) and 
Nordihydrogaiaret ic  acid (NDGA) in pe r i tonea l  macrophages 
from the oy s te r  toadfish (Qpsanus t a u ). Chemiluminescence 
was measured in a Beckman LS-150 s c i n t i l l a t i o n  counter.
Each point represen ts  the mean (+ SE) o f  3 separate 
determinations from d i f f e r e n t  f ish  using 1 . 2  x 1 0  c e l l s  per 
v i a l .  Values are expressed as percentages of  control 
temperature.
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Fig. 12. In h ib i t io n  o f  Phorbol M yris ta te  Acetate (PMA) (1 .6  uH) 
s timulated chemiluminescence by Isobutyl-methylxanthine 
fIBHX) in per i toneal  macrophages from th e  oy s te r  toadf ish  
(Opsanus t a u l . Chemiluminescence was measured in a Beckman 
LS-150 s c i n t i l l a t i o n  counter .  Each p o in t  rep re sen ts  the 
mean (+ SE) o f 53 separate  determinations  from d i f f e r e n t  f i sh  
using 1.2 x 10 c e l l s  per  v i a l .  Values are expressed as 
percentages  o f  control response.
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Fig. 13. In h ib i t io n  of  Phorbol Myris tate Acetate (PMA) (1.6 uM) 
s t imula ted  chemiluminescence by Verapamil (VM) and 
T r i f luope raz ine  (TF) in pe r i tonea l  macrophages from the 
o y s te r  to ad f i sh .  Chemiluminescence was measured in a 
Beckman LS-150 s c i n t i l l a t i o n  counter .  Each point represen ts  
th e  mean (+ SE) of 3 separate  de te rm ina t ions  from d i f f e r e n t  
f i s h  using 1.2 x 10 c e l l s  per v i a l .  Values are expressed 
as percentages of  control  responses.
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an tagon is t  Verapamil (VH) to  i n h i b i t  PHA-stimulated CL i s  demonstrated 
in Figure 13. Ten-fold d i lu t i o n s  o f  TF re su l t e d  in 100% in h ib i t io n  at 
lO’ ^M, 40% in h ib i t i o n  a t  10'^H and 0% i n h i b i t o r  a t  10" 7 M, th e re fo re
C
10 M was used in subsequent experiments.  Ten-fold d i l u t i o n s  of  VM
r e s u l t e d  in 1 0 0 % in h ib i t io n  at  10"^M, 5% in h ib i t io n  a t  10"^M and 0%
- 6  - Si n h ib i t i o n  a t  10 M, th e re fo re  10 M was used in subsequent
experiments.
Results o f  experiments in which TBT-stimulated CL was compared to 
PMA-, A23187-, and PMA+A23187-stimulated CL in the presence of  sodium 
benzoate,  SOD, NDGA, IM, IBMX, VM, and TF are  summarized in Table 2. 
TBT-stimulated CL was markedly suppressed by a l l  agents t e s t e d ,  
however q u a n t i t a t i v e  d i f fe ren ces  did occur between s t im ulan ts  within 
some c la s se s  o f  pharmacological agents .
In response to  sodium benzoate, both PMA+A23187- and A23187- 
s t im ula ted  CL were s ig n i f i c a n t l y  d i f f e r e n t  (£<.05) from TBT-stimulated 
CL, but d i f f e ren ce s  between TBT-stimulated CL and PMA-stimulated CL 
were not s i g n i f i c a n t .  In response to  SOD, both PMA+A23187- and 
A23187-stimulated CL were s ig n i f i c a n t l y  d i f f e r e n t  from TBT-stimulated 
CL (£<.05 and £<.01, r e s p e c t iv e ly ) ,  but d i f fe ren ces  between TBT- 
s t imula ted  CL and PMA-stimulated CL were not s i g n i f i c a n t .  In response 
to  10"7M NDGA, no s ig n i f i c a n t  d i f f e ren ce  was found between TBT- 
stimul ated CL and PMA-, PMA+A23187- and A23187-stimulated CL. In 
response to  10"^M IM only PMA-stimulated CL s ig n i f i c a n t l y  d i f f e r e d  
(P<.05) from TBT-stimulated CL. In response to  10"^M IBMX, only 
PMA+A23187-s t imula ted  CL s ig n i f i c a n t l y  d i f f e r e d  (P<.01) from TBT- 
stimul ated CL. In response to  10"^M VM, only PMA-stimulated CL 
d i f f e r e d  s i g n i f i c a n t l y  (P<.01) from TBT-stimul ated CL. In response to
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10’ ®M TF, the re  was no s ig n i f i c a n t  d i f fe ren ce  between TBT-stimulated 
CL and PMA-, PMA+A23187-, and A23187-stimulated CL.
DISCUSSION
Various phorbol e s te r s  and calcium ionophore d i r e c t l y  mimic 
indogenous s igna ls  i n i t i a t e d  during phospha t idy l - inos i to l  (PI) 
turnover .  Turnover of  PI in termediates  has been l inked to  both 
r e c e p to r - 1 igand in te ra c t io n s  and phagocytic events  in macrophages 
(Adams and Hamilton, 1984). Phorbol e s t e r s  such as PMA, d i r e c t l y  
mimic diacyl  glycerol  mediated p ro te in  kinase C ac t iv a t io n  while 
calcium ionophores, such as A23187, d i r e c t l y  mimic the e f f e c t  of 
i n o s i to l - t r i p h o s p h a te  on i n t r a c e l l u l a r  o rgane l le  and plasma membrane 
by increasing  i n t r a c e l l u l a r  calcium l e v e l s .  Macrophage a c t iv a t io n  is  
s t imula ted  in  v i t r o  by phorbol e s t e r  and calcium ionophores alone or 
s y n e r g i s t i c a l l y .  In these  experiments,  TBT-stimulated CL in oyster  
to a d f i sh  macrophages was compared to  PMA-, PMA + A23187-, and A23187- 
s timulated CL using various pharmacological i n h ib i to r s  of  
i n t r a c e l l u l a r  events  involved in macrophage a c t iv a t io n .
Concentrat ions o f  i n h ib i to r s  found to  be optimal are within those used 
in mammalian s tu d ie s  (Lindena, 1987; Parhanam and B i t tn e r ,  1986).
The ro le  of  both hydroxyl r a d ica l s  and superoxide anion rad ica ls  
in TBT-stimulated CL appears to  be most s im i la r  to  PMA-stimulated CL. 
Since PMA has been assoc ia ted  with NADPH oxidase a c t i v i t y ,  i t  would 
appear t h a t  TBT, could d i r e c t l y  a c t iv a te  t h i s  membrane-bound enzyme, 
thus producing .0 2  and .OH. However, membrane-bound molecular  
aggregates  of t i n  could also lead to  a phagocyt ic - l ike  membrane
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per tu rba t ion ,  which also  ac t iv a te s  NADPH oxidase (Hamilton and Adams, 
1987; Johnston, 1978).
The r o le  of arachidonate  metabolism leading to  the  leukotr iene 
s e r ie s  from lipoxygenase a c t i v i t y  and the prostaglandin s e r ie s  from 
cyclooxygenase a c t i v i t y  were inves t iga ted .  The in h ib i t io n  of TBT- 
s t imula ted CL due to  the lipoxygenase in h ib i to r  nordihydroquairet ic  
acid (NDGA) was s im i la r  to t h a t  of PMA-, PMA-A23187-, and A23187-
i
s timulated CL. The ro le  of  calcium in TBT-, PMA+A23187, and A23187- 
s timulated CL has been es tabl ished  (Chapter 2), t h e re fo re  an increase  
in i n t r a c e l l u l a r  calcium leve ls  leading to  phospholipase A2  a c t i v i t y  
followed by arachidonate r e lea se  and lipoxygenase a c t i v i t y  is  l i k e l y .  
Similar  in h ib i t io n  o f  PMA-stimulated CL to  th a t  of TBT-stimulated CL 
by NDGA can be explained by the f ac t  t h a t  PMA st imula tes  prostaglandin 
synthes is  but not the  leukotr ienes ,  and t h a t  NDGA can in h ib i t  both 
prostaglandin and leukotr iene  synthesis (Bonney and Humes, 1984). The 
in h ib i t io n  of TBT-stimulated CL by indometacin ( IM) appears to be most 
s im i la r  to PMA+A23187- and A23187-stimulated CL. An increase in 
i n t r a c e l l u l a r  calcium is  a common theme between these  th ree  
s t im ula to rs  of CL, there fore  an ac t iva t ion  of  phospholipase A2  
followed by cyclooxygenase a c t i v i t y  is l i k e l y .
The ro le  of  the  cycl ic  nucleot ide cAHP has been a t t r ib u te d  to  
feedback regu la t ion  in leukocyte ac t iva t ion  thereby in h ib i t in g  the  CL 
response (Lindena, 1987). Cyclic-AMP is  degraded by cytoplasmic 
phosphodiesterases which are inhib i ted  by a var ie ty  o f  agents such as 
theophyline and isobutyl methyl xanthine. An inh ib i t ion  of 
phosphodiesterase should lead to  an increase in cAMP followed by an
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i n h ib i t i o n  of CL. The IBMX induced in h ib i t io n  o f  TBT-stimulated CL 
was s im i l a r  to t h a t  of  PMA- and A23187-stimulated CL, in d ica t ing  a 
common s t im u la to r  o f  cAMP. In te ra c t io n s  between i n t r a c e l l u l a r  calcium 
and calmodulin a re  well known inducers  o f  cAMP a c t i v i t y  (Hadden,
1987), however, t h e  ro le  o f  PMA in cAMP a c t i v i t y  may be due to  PMA- 
s t imulated prostaglandin  syn thes is  and subsequent c y c l ic  nucleot ide  
product ion (Hadden, 1988).
The ro le  o f  calcium mobil i ty  and t r a n sp o r t  in TBT-stimulated CL 
was inves t iga ted  using the calcium channel an tagon is t  Verapamil (VM) 
and th e  calmodulin an tagon is t  t r i f lu o p e r a z in e  (TF). In h ib i t io n  of 
TBT-stimulated CL by Verapamil was most s im i la r  t o  PMA+A23187- and 
A23187-stimulated CL, and i s  co n s is ten t  with the  ro le  o f  i n t r a c e l l u l a r  
calcium in CL. Although, A23187 f a c i l i t a t e d  increases  in 
i n t r a c e l l u l a r  calcium are not  purported to  involve membrane calcium 
channels (Trush e t  a l .  1978), t h i s  ionophore does become embedded in to 
the plasma membrane and f a c i l i t a t e  calcium movement toward the 
cytoplasm (Ashman, 1984). In add i t ion ,  i t  could be speculated t h a t  
voltage s e n s i t iv e  calcium channel are  influenced during the  passage of 
the A23187-calcium complex across  the  ce l l  membrane. The ro le  of 
calmodulin in r eg u la t in g  calcium m obi l i ty  in TBT, PMA, PMA+A23187-, 
and A23187-stimulate CL i s  demonstrated by s im i la r  responses to  TF. 
Calmodulin is  a ubiqui tous  ca lc ium -spec i f ic  p ro te in  and i s  considered 
respons ib le  fo r  r eg u la t in g  most cytoplasmic concentra t ion o f  calcium 
ions.
In conclusion, 50 ug/1 TBT appears to  s t im u la te  CL by increasing 
i n t r a c e l l u l a r  calcium l e v e l s .  This probably leads  to  phospholipase A2
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a c t iv a t io n  and subsequent arachidonate  r e l e a s e ,  as well as 
diacyl g lycero l  l i p a se  a c t i v i t y ,  followed by leu k o t r ien e  and 
prostag landin  syn thes is .  The luminol dependent CL i s  based on the  
oxidation o f  luminol t o  an e l e c t r i c a l l y  exci ted  aminophthalate ion 
which r e l e a s e s  a photon upon re tu rn in g  to  a ground s t a t e  (Trush e t  a l . 
1978). C e l lu la r  in termediates  with oxidizing p ro p e r t i e s  can induce 
luminol-dependent CL. The r e s u l t s  of  these  experiments show t h a t  the 
metabolism o f  arachidonate and the  production of  .0 2  and .OH are both 
s t imulated  by TBT a t  50 ug/L. An in h ib i t io n  o f  t h i s  response, as with 
higher  doses of  TBT, could lead to  an in te r f e re n c e  o f  i n t r a c e l l u l a r  
signal t ransduc t ion  and th e re fo re  an inadequate immune response.  In 
add i t ion ,  these  r e s u l t s  suggested t h a t  TBT may have pharmacological 
p ro p e r t i e s  t h a t  prove useful in f u r th e r  descr ib ing  leukocyte 
a c t i v a t io n .
Chapter 4
THE INFLUENCE OF IN VIVO EXPOSURE TO TRIBUTYLTIN ON 
REACTIVE OXYGEN FORMATION IN OYSTER TOADFISH MACROPHAGES
Introduction
The l i t e r a t u r e  concerning the immunotoxicology o f  t r i b u t y l t i n  
compounds in higher v e r t e b ra te s  is  f a i r l y  la rge  (Vos e t  a l . ,  1984; 
Kranjc e t  a l . ,  1984; Seinen e t  a l . ,  1979; Seinen and Pennicks, 1979). 
There appears to  be a s p e c i e s - s p e c i f i c  s e n s i t i v i t y  t o  t h i s  a l k y l t i n  
compound. Thymic atrophy occurs a t  50 ppm TBTC1 in the  r a t  and 150 
ppm TBTC1 in the mouse, but  no such change occurs in Japanese quai l  
even a t  450 ppm TBTC1 (Schweinfurta and Gunzel, 1987). In the  r a t ,  
thymic atrophy i s  a lso assoc ia ted  with suppressed tumoricidal 
a c t i v i t y ,  suppressed antibody response to  T-dependent ant igen,  and 
suppressed b las togenic  responses to  T-ce l l  mitogens (Vos e t  a l . ,  
1984). Non-specific responses  involving macrophages were reduced as 
wel l .  I t  was suggested t h a t  TBT inf luences  T-dependent immune 
responses by in te r f e r in g  with i n t r a c e l l u l a r  communication between 
immunocompetent c e l l s .  This i s  c o n s is te n t  with observations  by Grey 
e t  a l . (1986) th a t  TBT a s so c ia te s  with b iological  membranes through 
molecular aggregat ion. This would adverse ly a f f e c t  membrane 
in t e g r i t y ,  which is  v i t a l  to  proper s ignal  t ransduc t ion .
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I n te rac t io n s  between i n  v i t r o  TBT exposure and signal 
t ransduc t ion  events  leading to  the  a c t iv a t io n  of  o y s te r  toadf ish  
macrophages were described in Chapter 2. T r ib u ty l t i n  a t  50 ug/L 
i n i t i a t e s  a calcium inf lux  leading to enhanced t r a n s i e n t  a c t iv a t io n  
sequences s t imula ted  by phorbal myris ta te  a ce ta te  (PMA), calcium 
ionophore.(A23187), and PMA+A23187 exposure. T r ib u ty l t i n  a t  50 ug/L 
also s t im ula tes  macrophage a c t iv a t io n  in the  absence o f  PMA and A23187 
or PMA+A23187, but a t  500 ug/L TBT these  responses a re  t o t a l l y  
in h ib i t e d .  Further  research in v es t ig a t in g  the  i n t r a c e l l u l a r  events 
leading to  ROI formation s timulated  by 50 ug/L TBT (Chapter 3) suggest 
t h a t  both superoxide anion ( . 0 2) an(* arachidonate  metabolism 
(lipoxygenase and cyclooxygenase a c t i v i t y )  are re spons ib le  fo r  t h i s  
enhanced a c t i v a t i o n .  Furthermore, in the  presence o f  the  calmodulin 
an tagonis t  t r i f l u o p e r a z in e  and the calcium channel an tagon is t  
verapamil,  TBT s t imula ted ac t iv a t io n  i s  suppressed. Increases  in 
i n t r a c e l l u l a r  calcium can lead  to  a c t iv a t io n  of  phospholipase C and 
diacyl  glycerol  l ip a se  as well as phospholipase Ag. This i s  followed 
by NADPH oxidase ac t iv a t io n  ( . 0 2  formation) and arachidonate  r e le a se  
from membrane phospholipids,  re sp ec t iv e ly  (Adams and Hamilton, 1984; 
Ashman, 1984; Isakov, 1986; Hamilton and Adams, 1987). Likewise, an 
in h ib i t io n  of  calcium in f lu x ,  as is  found with in v i t r o  exposure to  
500 ug/L TBT, can i n t e r f e r e  with the i n t e g r i t y  of  leukocyte 
a c t iv a t io n .
The experiments described herein examine the e f f e c t s  of  TBT on 
macrophage a c t iv a t io n  in response to  PMA+A23187 and TBT (50 ug/L) 
following subchronic in  vivo exposures. Results suggest  t h a t  previous
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exposure to  TBT a f f e c t s  membrane responses to  both PHA+A23187- and 
TBT-stimulated s ignal  t ransduct ion  involved in macrophage a c t iv a t io n .
METHODS AND MATERIALS
Fish
Oyster toadf ish  were captured by o t t e r  trawl net from the  upper 
York River,  Virg in ia  (37°18’48"N, 76°35’08"W). Fish were maintained 
in 500 L f ib e rg l a s s  tanks  with running seawater (10 L/min) a t  18- 
22°/oo s a l i n i t y  and 20-24°C. Fish were acclimated fo r  2 weeks p r io r  
to  experiments and fed l i v e  k i l l i f i s h  (Fundulus h e t e r o c l i t u s l ad 
l ib i tum .
Seven Dav Acute Bioassavs
Oyster toad f ish  (100 g-200 g) were randomly assigned to  40L g la s s  
aquar ia  a t  5 f i sh  per tank. Aquaria were maintained a t  22°C, pH 7.8 ,  
19 °/oo s a l i n i t y  and d issolved oxygen >80%. Fish received TBT as a 
s in g le  in t ra p e r i to n e a l  ( i . p . )  i n j e c t i o n  a t  0 .0  (veh ic le ) ,  2 .5 ,  5 .0 ,
10, 15, or  20 mg per  kg body weight .  T r ib u ty l t i n  so lu t ions  were 
de l ivered  (100 ul per  100 g body weight) in a corn o i l / a c e to n e  (95/5 
V/V) c a r r i e r .  Stock so lu t ions  were analysed following modif ica t ions  
of  Unger e t  a l . (1986) and Rice e t  a l .  (1987). Each t rea tment  group 
was dupl ica ted  fo r  a t o t a l  of  12 tanks and 60 f i s h .  Tanks were 
maintained fo r  a seven day period within a s t a t i c  dose design 
(Stephan, 1975) a t 12:12 photoperiod.  Dead f i s h  in each treatment 
group were removed and recorded. Dose-response data were subjected to 
a computerized p rob i t  ana lys is  (Finney, 1971) and the r e s u l t s  were
54
expressed as the LDgg. These LDgg data were used as guidel ines  for  
sub-chronic  immunotoxicity t e s t i n g .
Sub-Chronic Toxici ty  Experiments
Oyster toadf ish  (400-800g) were randomly assigned to  round {30 cm 
x 122 cm) vinyl tanks a t  6  f i sh  per tank. Pools were kept in an a i r -  
condi tioned animal room and water condit ions were monitored 
p e r io d ic a l ly .  Tanks were aerated to  maintain dissolved oxygen levels  
a t  >80%, and temperature (20-22°C), pH (7.8+0.15) and s a l i n i t y  (19-22 
°/oo)  data  were recorded throughout the experiments.  The photoperiod 
followed ambient condi tions (12:12).  After  one week of  acclimation, 
f i s h  received TBT as in t rape r i tonea l  ( i . p . )  i n j e c t io n s  (100 ul per 400 
g body wt) a t  0.0 (sham), 0.0 (veh ic le ) ,  0.250, 0.750, and 2.5 mg per 
kg body weight.  This represented 1/30, 1/10 and 1/3 of the 7-day 
LDgg, r e spec t ive ly .  T r ib u ty l t in  solu t ions  were de l ivered  as TBTC1 
dissolved in a corn o i l /ace tone  (95/5 v/v) c a r r i e r  and concentrat ions 
were determined by methods described by Unger e t  a l .  (1986) and Rice 
e t  a l . (1987). Each treatment group was rep l ic a ted  fo r  a t o ta l  of  10 
tanks and 60 f i s h .  Tank water was replaced a t  5 day in te rv a ls  with 
ambient York River seawater in a s t a t i c  dose experimental design 
(Stephan, 1975). Fish were fed k i l l i f i s h  ( Fundulus h e t e r o c l i t u s ) ad 
l ib i tum through the duration of  the experiment. Tanks were monitored 
fo r  general health s t a tu s ,  morbidity and m or ta l i ty  on a da i ly  basis .
At the terminat ion of  the experiment,  a l l  f i sh  were s a c r i f i c ed  on the 
same day in 200 mg/L MSS-222 ( t r i c a in e  methanosulfonate,  Sigma) in 
seawater.
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Per i tonea l  Macrophages and Per ipheral  Blood Serum Collect ion
At the  time of  s a c r i f i c e ,  per i toneal  macrophages were obtained 
following procedures described in Chapter 2. Periphera l  blood was 
drawn from the caudal ventra l  ao r ta  with a 3 cc syringe and 22 1/2 
gauge needle .  The blood was allowed to  c l o t  f o r  30 min a t  room 
temperature (22°C) and then overnight in a r e f r i g e r a t o r  (5°C). Serum 
was co l le c te d  in to  1.0 mL p l a s t i c  m in i-cen tr i fuge  tubes and s tored a t  
-20°C u n t i l  use.
Total Serum Prote in
Total serum pro te in  was determined by the  phenol method 
described  by Lowry e t  a l . (1951). Serum p ro te in  data  were subjected 
to  ANOVA fo r  s t a t i s t i c a l  d i f fe rences  among treatment groups followed 
by comparisons of t rea tment  groups to  con t ro ls  as described by Dunnett 
(1955).
Chemiluminescence Assay
Procedures fo r  the chemiluminescence (CL) assay followed those 
described  in Chapter 2 and 3. Stimula tors  f o r  CL were 50 ug/1 TBTC1 
and PMA+A23187 used s y n e rg i s t i c a l l y  (0.16 uM and 1.6 uM re s p e c t iv e ly ) .  
For s t a t i s t i c a l  an a ly s is ,  counts per minute da ta  were l o g ^ x  
transformed p r io r  to  one-way ANOVA. Response o f  t rea tment  group to  CL 
s t im ulan ts  were compared to  con tro ls  as described by Dunnett (1955).
RESULTS
The r e su l t s  o f  96-hr t o x i c i t y  bioassays are summarized in Table 
3. Probit  analys is  o f  m orta l i ty  data r e su l te d  in a 96-hr LD50 of  7.5 
mg/kg, there fore  1/30,  1/10, and 1/3 of t h i s  dose were used fo r  6 -week 
sub-chronic exposure t e s t s .
Mortal ity  r e su l t in g  from weekly i . p .  TBT in jec t io n s  was found 
only in the  highest treatment group (2.5 mg/kg). Mortal i ty  data  are 
shown in Figure 14. Surviving f i s h  in t h i s  group displayed reduced 
swimming a b i l i t y ,  reduced response to physical s t im u l i ,  s t r e s s  induced 
color  changes, and hypophagy. No such responses were noted in f i sh  
from o the r  treatment groups.
The r e su l t s  o f  experiments to  determine the influence of  sub­
chronic TBT exposure on PMA+A23187-stimulated CL are shown in Figure 
15. Results  in d ica te  a dose-dependent decrease in the  a b i l i t y  of 
PMA+A23187 to s t im ula te  CL following TBT exposure, however a 
s ig n i f i c a n t  decrease was found only in f i s h  exposed to  0.750 mg/kg 
(P<.01).
The r e su l t s  o f  experiments to  determine the influence of  sub­
chronic TBT exposure on CL s timulated by 50 ug/L TBT are shown in 
Figure 16. Results indicate  a s ig n i f i c a n t  decrease in CL st imulated  
by TBT following sub-chronic exposure as compared to  CL from sham 
contro ls  (Pc.Ol).  However, a s ig n i f i c a n t  d i f fe rence  was also found 
between vehicle  and sham control  groups. When t reatment groups were 
compared to  vehicle  contro ls ,  only f ish  exposed to  0.750 mg/kg were 
s ig n i f i c a n t ly  a f fec ted  (P<05).
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Fig. 14. Percent m o r ta l i ty  of 2.5 mg/kg TBT treatment group during 
subchronic ( 6  week) t o x i c i t y  experiments.  Arrows ind ica te  
i n j e c t io n  schedule. I n te rv a l s  of  recorded m o r ta l i ty  are 
indica ted  by po in ts .  Cumulative m o r ta l i ty  i s  ind ica ted
by £
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Fig. 15. Effects  o f  subchronic in vivo TBT exposure on Phorbol
Myrista te  Acetate and calcium ionophore (PMA+A23187) {.16 uM 
PMA + 1.6 uM A23187) s t imulated chemiluminescence in oyster  
toadf ish  per i tonea l  macrophages. T r ib u ty l t in  was de l ivered  
a t  seven day in t e rv a l s  as in t ra p e r i to n e a l  in j e c t io n s  ( 1 0 0  
uL/400 g) o f  e i t h e r  sham, vehic les  (corn o i l / a c e to n e  95/5 
V/V), 0.250,  0.750, or 2.5 mg/kg TBTC1 f o r  6  weeks. Results 
are expressed as counts per 10 c e l l s .  Values rep re sen t  the 
mean (± SE) of N experiments.  The symbol (N) r e f e r s  to  the 
number o f  f i sh  per  t reatment  group. Chemiluminescence was 
measured in a Beckman LS-150 s c i n t i l l a t i o n  counter  with 1.2 
x 1 0  c e l l s  per v i a l .  * denotes s t a t i s t i c a l  s ign i f icance  at  
( P<.05).
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Fig. 16. Effects  o f  subchronic i n  vivo TBT exposure on TBT (50 ug/L)- 
s t imula ted  chemiluminescence in o y s te r  toad f ish  per i toneal  
macrophages. T r ib u ty l t i n  was de l ive red  a t  seven day 
i n t e r v a l s  as in t rap e r i to n e a l  in j e c t io n s  (100 uL/400 g) of 
e i t h e r  sham, vehic le  (corn o i l / a c e to n e  95/5 v /v ) ,  0.250,
0.750, o r  2.5 mg/kg TBTC1 for  6  weeks. Results are 
expressed as counts per  10 c e l l s .  Values r ep resen t  the 
mean (+ SE) of N experiments.  The symbol N r e f e r  to  number 
of f i s h  per t reatment  group. Chemiluminescence was measured 
in a Beckman LS-150 s c i n t i l l a t i o n  counter  with 1.2 x 10 
c e l l s  pe r  v ia l .
* denotes  a s t a t i s t i c a l  s ig n i f i can ce  (Pc.Ol) as comparisons 
to sham.
-{-denotes a s t a t i s t i c a l  s ig n i f ican ce  of  (P<.05) as compared 
to v e h ic le .
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The r e s u l t s  o f  t o t a l  serum pro te in  determinations  a re  shown in 
Table 4. S t a t i s t i c a l  ana lys is  indica ted  no s ig n i f i c a n t  d i f fe rences  
between trea tment groups.
DISCUSSION
From i n  v i t r o  s tud ies  a suggested mechanism for  TBT-induced 
t o x i c i t y  to macrophage function in toadf ish  has been e s ta b l i sh ed  as 
described in chapters  two and th re e .  I t  i s  suggested t h a t  TBT a f f e c t s  
calcium f lu x  across  the  plasma membrane in a dose-dependent manner.
At 50 ug/L, TBT f a c i l i t a t e s  an inward f lux  o f  calcium, thereby 
i n i t i a t i n g  a c t iv a t io n  s ig n a l s .  However, a t  higher l e v e l s  (500 ug/L), 
calcium mobil iza t ion  i s  in h ib i ted  r e s u l t i n g  in impaired macrophage 
funct ion .
Experiments were performed comparing th e  e f f e c t s  o f  i n  vivo and 
In  v i t r o  TBT exposure on macrophage a c t iv a t io n  responses.  The use of  
d i l u t i o n s  o f  the  96-hr LD50 provided a range of  responses between no 
observable  e f f e c t  and extreme t o x i c i t y ,  thus  allowing an adequate 
eva lua t ion  of  t o x i c i t y  following in  vivo exposure. In t r ap e r i to n e a l  
exposures were p re fe r red  over d i e t a r y  or aqueous exposures in order  to  
e l im ina te  between-fish  v a r i a t io n s  in the r a t e  of TBT uptake, and 
th e r e fo re  the  r a t e  o f  metabolism, and feeding frequency. Subchronic 
s tu d ie s  in mammalian immunotoxicology often include 1 / 1 0  and 1 / 1 0 0  o f  
the 96-hr LD50 (White, 1985) but the use o f  1/30 provided an adequate 
lower dose in t h i s  study.  In add i t ion ,  th re e  doses probably provide 
an increased re so lu t io n  of  responses to xenobiot ics  as compared to  two 
doses.
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TABLE 4. Total Serum Prote in  (mg/ml) in Oyster  Toadfish From 
Subchronic Toxic i ty  Exposure Experiments.
TREATMENT (mo/kg TBT1
: ISH Control Control 0.250 0.750 2.5
(sham) (vehicle)
1 40.12 33.13 43.33 42.22 40.56
2 44.60 36.40 33.61 43.33 38.33
3 44.77 • 36.40 45.83 32.78 39.44
4 44.26 38.26 42.50 34.44
5 45.07 35.70 43.88 38.61
6 50.37 32.67 50.00 43.33
7 40.12 42.00 49.72 38.89
8 38.41 39.20 46.12 43.33
9 39.91 34.53 46.94 46.11
1 0 44.56 44.10 43.61 43.89
1 1 34.15 43.17 46.11 43.06
1 2 40.76 38.97 45.83 38.61
42.23 
± 1 . 2
37.88 
± 1 . 1
41.67 
± 3 .0
40.72 
± 1 . 2
39.45 
+ 0 . 6
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The r e s u l t s  of in  vivo TBT exposure on PMA+A23187-stimulated CL 
show t h a t  macrophage ac t iv a t io n  i s  a f fec ted  by TBT in a dose- 
dependent manner. The finding t h a t  CL was s ig n i f i c a n t l y  decreased in 
f i s h  exposed to  0.750 mg/kg TBT but not in f i s h  exposed to  2.5 mg/kg is  
a t t r i b u t e d  to  the small sample s ize  (N=3) and th e re fo re  a large 
in tragroup v a r i a t io n .  When used s y n e r g i s t i c a l l y ,  PHA+A23187 mimic 
i n t r a c e l l u l a r  a c t iv a t io n  s igna ls  r e s u l t i n g  from inos i to l -d iphospha te  
metabolism (Chapters 2 and 3) .  I t  i s  t h e re fo re  suggested th a t  TBT 
i n h i b i t s  plasma membrane responses to  A23187-formed calcium channels 
and i n t e r f e r e s  with the response to  in t e r a c t io n s  between PMA and 
d iacy lg lycero l  recep to rs .  T r ib u ty l t i n  may also  a f f e c t  membrane 
composition and f l u i d i t y ,  thereby i n t e r f e r in g  with transmembrane 
a c t iv a t in g  s ig n a l s .
S imilar  r e s u l t s  were obtained when macrophage ac t iv a t io n  was 
s t imula ted  with 50 ug/L TBT. Macrophages i so la t e d  from sham-control 
f i s h  were highly responsive to  TBT s t im ula t ion ,  however macrophages 
i so la te d  from vehicl e-control  f i s h  showed a suppressed CL response as 
compared to  sham control f i s h .  Although xenobiot ics  p a r t i t i o n  r e a d i ly  
in to  the  per i tonea l  cav i ty  microvasculature,  corn o il  i s  re ta ined  in 
the  cav i ty  and i s  undoubtedly engulfed by r e s id e n t  macrophages. I t  i s  
suggested th a t  during the  CL assay,  TBT is  p a r t i t io n e d  between corn oil  
on the macrophage surface and the plasma membrane, thereby decreasing 
the s e n s i t i v i t y  to  TBT s t imulat ion  of  CL. When compared to  sham- 
c o n t ro ls ,  a l l  t reatment  groups showed decreased a c t iv a t io n  in response 
to  50 ug/L TBT. However, when compared to  v e h ic le - c o n t ro l s ,  only f i s h
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exposed to  0.750 mg/kg TBT showed s i g n i f i c a n t  decreases  in TBT- 
s t imulated  ac t iv a t io n .  The f inding th a t  CL responses from f i s h  exposed 
to  2.5 mg/kg were not s i g n i f i c a n t l y  decreased can be a t t r i b u t e d  to  the 
small sample s i z e  (n=3), and th e re fo re  la rge  in t ra -group  v a r i a t io n .
Levels of  t o t a l  serum prote in  (TSP) o f ten  r e f l e c t  the heal th  
s ta tu s  o f  indiv iduals  exposed to environmental to x ican ts  (White, 1985), 
Comparing TSP l e v e l s  between treatment groups can provide  f u r th e r  
information even when primary endpoints  of  t o x i c i t y  (such as CL) 
in d ica te  no over t  t o x i c i t y .  However, no such changes in TSP were found 
between t rea tment  groups in th i s  s tudy.
In conclusion,  macrophage a c t iv a t io n  does appear to  be a f fec ted  by 
in vivo TBT-induced t o x i c i t y  as measured by PMA+A23187- and TBT (50 
ug/L)-s t imula ted  CL. The i n t r a c e l l u l a r  s igna l  t ransduc t ion  involved in 
both PMA+A23187- and TBT (50 ug/L)-s t imulated  CL has previously  been 
discussed (Chapters 2 and 3) and pr im ar i ly  involves th e  mobil izat ion of 
calcium ions and subsequent cascade events.  I t  i s  t h e r e fo re  suggested 
tha t  th e  mode o f  t o x i c i t y  o f  TBT to  macrophage funct ion  i s  l inked  to  an 
in te r f e ren ce  o f  calcium f lu x  by a f f e c t in g  membrane i n t e g r i t y .  Further 
research to  in v e s t ig a te  t h i s  a t  t h e  molecular level i s  needed.
CHAPTER 5 
SUMMARY AND CONCLUSIONS
Previously published research  supports the premise t h a t  a major 
mode of  t r i b u t y l t i n  t o x i c i t y  i s  an in te r f e re n c e  with the  i n t e g r i t y  of 
b io log ica l  membranes. I t  i s  well e s ta b l i shed  t h a t  both i n t r a c e l l u l a r  
and i n t e r c e l l u l a r  communication in immunocompetent c e l l s  involved in 
immune response are dependent upon membrane i n t e g r i t y .  This 
communication involves second messenger systems such as 
polyphosphoinositol l i p i d s ,  adenylate cyclase  a c t iv a t io n ,  and 
mobil iza t ion and t r a n sp o r t  of  calcium ions.  These systems have been 
s t imulated  and mimicked using the  phorbo l-es te r  tumor promoters and 
calcium ionophores.  Based on t h i s  knowledge, i t  was hypothesized th a t  
leukocyte a c t iv a t io n  in t e l e o s t  f i s h ,  as exemplified  by the oy s te r  
to ad f i sh ,  could be modulated using these same agents .  I t  was a lso  
hypothesized t h a t  t r i b u t y l t i n  suppresses  macrophge function due to  an 
in te r f e ren ce  of membrane i n t e g r i t y  leading to  an in h ib i t io n  o f  both 
i n t e r c e l l u l a r  and i n t r a c e l l u l a r  communication. This hypothesis  was 
te s t e d  in a s e r i e s  of  experiments which were grouped in to  th re e  
separa te  repo r ts  based on separa te  o b jec t iv es .
In the  f i r s t  group of experiments,  phorbol m yr is ta te  a c e ta t e  (PMA) 
and calcium ionophore (A23187) were t e s te d  fo r  t h e i r  ac t iv a t io n  
p rope r t ie s  using a luminol-dependent chemiluminescence assay. The
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dependency on e x t r a c e l l u l a r  calcium was e s tab l i sh ed  fo r  each a c t iv a to r .  
Act ivat ion was s t imulated by both PMA and A23187, however only A23187- 
s timulated  a c t iv a t io n  was dependent on e x t r a c e l l u l a r  calcium.
Macrophage a c t iv a t io n  s timulated by PMA, PMA+A23187, and A23187 was 
in ves t iga ted  in the  presence o f  increas ing  concentra t ions  of  TBT. 
Responses to  PMA, PMA+A23187, and A23187 were s ig n i f i c a n t l y  enhanced at 
50 ug/L, but were reduced to  basel ine  values a t  500 ug/L. By removing 
e x t r a c e l l u l a r  calcium by che la t ion  with EGTA, t h i s  enhanced ac t iv a t io n  
a t  50 ug/L was reduced to  basel ine  values .  Based on the known ro le  of 
calcium in macrophage a c t iv a t io n ,  and the  e f f e c t s  of  e x t r a c e l l u l a r  
calcium removal on TBT (50 ug/L) enhanced a c t iv a t io n ,  f u r th e r  
experiments were performed to  determine i f  TBT alone could s t im u la te  
macrophage a c t iv a t io n .  Results  showed th a t  a t  50 ug/L TBT, macrophages 
a c t iv a t io n  was s ig n i f i c a n t l y  enhanced but was depressed to  base l ine  
values a t  500 ug/L. T r ib u ty l t in - s t im u la te d  a c t iv a t io n  a t  50 ug/L was 
in h ib i t e d  by removing e x t r a c e l l u l a r  calcium with EGTA. I t  was f u r th e r  
hypothesized t h a t  TBT s t im ula tes  a c t iv a t io n  a t  50 ug/L by i n i t i a t i n g  a 
membrane calcium in f lux  but i n h ib i t s  a c t iv a t io n  a t  500 ug/L by 
in h ib i t i n g  calcium f lux .  Experiments were performed in which 
macrophages were exposed to  increasing concentra t ions  o f  TBT in the 
presence of  calcium-45. At 50 ug/L, TBT st imulated  an in f lux  of 
calcium above control  va lues ,  but a t  500 ug/L, TBT t o t a l l y  in h ib i te d  
calcium f lux .  I t  was concluded t h a t  TBT leads  to  macrophage ac t iva t ion  
a t  50 ug/L by s t im ula t ing  a calcium f lux  thereby i n i t i a t i n g  calcium- 
dependent a c t iv a t io n  sequences. The in h ib i t io n  of  a c t iv a t io n  by 500
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ug/L TBT i s  a t t r i b u t e d  to an in h ib i t io n  of  membrane-calcium transpor t ,  
the re fo re  an in te r fe rence  with c e l l u l a r  funct ion.
In the second group of experiments,  known pharmacological 
in h ib i to r s  of second-messenger pathways involved in leukocyte 
a c t iv a t io n  were used to cha rac te r ize  TBT-stimulated a c t iv a t io n .  These 
i n h ib i to r s  were used to  compare TBT-stimulated ac t iv a t io n  to PMA-, 
PMA+A23187-, and A23187-stimulated a c t iv a t io n .  The hypothesis t h a t  TBT 
both s t im ula tes  and in h ib i t s  a c t iva t ion  by modulating membrane-calcium 
f lux  was fu r th e r  confirmed in t h i s  study by the  s im i l a r i t y  of TBT- 
s t imulated a c t iv a t io n  responses to  in h ib i t io n  which a f f e c t  the 
i n t r a c e l l u l a r  pathways which involve calcium u t i l i z a t i o n .  Within each 
c lass  of  pharmacological in h ib i to r  used, TBT-stimulated ac t iva t ion  was 
most s im i la r  to  those simulators which involve calcium mobil izat ion and 
t r a n s p o r t .  This f u r th e r  supported the hypothesis of a calcium-re lated 
modulation of leukocyte ac t iva t ion  by TBT.
In the  th i rd  group of experiments,  r e s u l t s  of  rn v i t r o  exposure 
experiments were compared to in vivo s tud ies  in which oys te r  toadfish  
were exposed to increasing lev e l s  of  TBT during a six-week sub-chronic 
t o x i c i t y  experiment.  In traper i toneal  in jec t io n s  of TBT dissolved in 
corn o i l /ace tone  were administered at  seven-day i n t e rv a l s .  Dosing 
lev e l s  of  TBT were based on r e s u l t s  of s in g l e - in j e c t io n ,  seven-day 
acute bioassays, and were administered as 1/30, 1/10, 1/3 of the 
ca lcu la ted  LD50 (7.5 mg/kg). Following exposure, macrophages were 
i so la t e d  and PMA+A23187-stimulated chemiluminescence and TBT (50 ug/L)- 
s timulated chemiluminescence in treatment groups (0.250, 0.750, and 2.5 
mg/L TBT) were compared to both sham and vehic le  control  groups.
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Macrophage a c t iv a t io n ,  as measured in a chemiluminescence assay, was 
reduced in a dose-dependent manner following s t im ula t ion  by both 
PMA+A23187 and TBT (50 ug/L). I t  i s  concluded t h a t  TBT in h ib i t s  
marophage funct ion ,  and the mode of  t o x i c i t y  i s  l inked to  an 
i n t e r f e re n ce  with plasma membrane i n t e g r i t y ,  thereby leading to an 
impaired response to  ac t iv a t io n  s igna ls .
Fur ther  s tud ies  are needed to  e lu c id a te  the manner in which TBT 
a l t e r s  the  macrophage membrane responses to  a c t iv a t io n  s ig n a l s .  
Suggestions fo r  f u r th e r  study include 6 -P ro te in  turnover  and 
Phosphorylation in the  presence of  TBT as well as the  e f f e c t s  of TBT on 
membrane p o la r iz a t io n .
LITERATURE CITED
Adams, D. 0 . ,  and T. A. Hamilton. 1984. The c e l l  biology of
macrophage a c t iv a t io n .  Annual Review o f  Immunology 2:283-318.
Aldridge, W. N. 1976. The inf luence of  organotin  compounds on
mitochondrial func t ions .  Pages 186-195 in  J .  J .  Zuckerman, 
e d i t o r .  Organotin compounds: new chemistry and a p p l ica t io n s .
American Chemical Society ,  Washington, D.C.
Alexander, J .  B. 1980. Preceptins  in the serum of  the A t l a n t i c  
salmon. Dev. Comp. Immunol. 4:641.
Anderson, D. P. 1974. Fish Immunology. T.F.H. P ub l ica t ion ,  Neptune
City,  N. J .  240 pp.
Arakawa, Y. and 0. Wada. 1984. In h ib i t io n  o f  neutrophil  chemotaxis 
by organotin compounds. Biochemical and Biophysical Research 
Communications 123:543-548.
Ashman, R. F. 1984. Lymphocyte Act iva t ion .  Ifl Fundamental
Immunology {Paul, W. E ed.)  pp. 267-300 Raven Press,  New York.
Avtalion, R. R.,  E. Weiss, T. Moalem and L. Migicom. 1975. Evidence
fo r  cooperat ion o f  T and B c e l l s  in f i s h .  I s r .  J .  Med. Sci.
11:1385.
Babior, B. M. 1984. Oxidants from phagocytes: agents o f  defense and 
d e s t ru c t io n .  Blood 64:959-966.
Baldo, B. A. and T. C. F le tcher .  1973. C -reac t ive  p r o t e in - l i k e  
p r e c i p i t i n s  in p l a i c e .  Nature 246:145-146,
Berton, G., P. B e l lav i te ,  G. De Nicola,  P. Dri and F. Rossi .  1982. 
Plasma membrane and phagosome lo c a l i z a t io n  o f  the ac t iv a ted  NADPH 
oxidase in e l i c i t e d  per i tonea l  macrophages o f  the guinea pig. 
Journal of  Pathology 136:241-252.
Bonney, R. J .  and J .  L. Humes. 1984. Physiological and pharmological 
r eg u la t io n  of prostaglandin  and leuko tr iene  production by 
macrophages. Journal of  Leukocyte Biology 35:1-10.
Bonney, R. J . ,  E. E. Opas and J .  L. Humes. 1985. Lipoxygenase
pathways of  macrophages. Federat ion Proceedings 44:2933-2936.
69
70
B re t t ,  J .  R. 1958. Implicat ions and assessments of environmental 
s t r e s s .  In Lectures in F isher ies :  The inves t iga t ion  of f i sh  
problems (HacMillian, H. R. ed.) B r i t i sh  Columbia.
Butler ,  P. A., R. Childress and A. J .  Wilson. 1972. The associa t ion 
of  DDT residues  with losses  in marine product iv i ty .  In :  Marine 
Pollut ion and Sea Life (M. Ruivo, e d s . ) .  London: Fishing News 
Ltd.
Byington, K. H., R. Y. Yeh and L. R. Forte.  1974. The hemolytic 
a c t i v i t y  of  some t r i a l k y l t i n s  and t r ip h e n y l t in  compounds. 
Toxicology and Applied Pharmacology 27:230-240.
C h i l l e r ,  J .  M., H. 0. Hodgins and R. S. Weiser. 1969. Antibody
response in rainbow t r o u t ,  Salmo g a i r d n e r i . I I .  Studies on the 
k in e t ic  development of  antibody-producing c e l l s  and on complement 
and natural  hemolysin. J .  Immunol. 102:1202-1207.
Choromanski, J .  M., R. H. George and S. A. Bellumnd. 1987.
Nutr i t ional  benef i t  of  a marine animal g e la t in  d i e t  as measured 
by s e a - t u r t l e  blood chemistry values. Proceedings of  the 
American Association of  Zoological Parks and Aquariums 1987:501- 
511.
Chung, S. and C. J .  Secombes. 1987. Act ivation of  rainbow t r o u t  
macrophages. Journal of  Fish Biology 31(Supplement A):51-56.
Chung, S. and C. J .  Secombes. 1988. Analysis of events occurring 
within t e l e o s t  macrophages during the  re sp i ra to ry  burs t .  
Comparative Biochemistry and Physiology 89B:539-544.
Dean, J .  H., M. I .  Luster and G. A. Boorman. 1982. Immunotoxicology. 
In  Immunopharmacology (P. S i ro is  and M. Rola-Pleszgyski, ed s . ) .  
Elsevier  Biomedical Press ,  pp. 349-97.
de Kinkelin,  P. and M. Dorson. 1973. In te rferon  production in 
rainbow t ro u t  (Salmo g a i rd n e r i1 experimentally infected with 
Egtved v i ru s .  J .  Gen. Virol.  19:125.
Dorson, M. and C. Torchy. 1979. Complement dependent n e u t ro l i -
zat ion of Egtved virus  by t ro u t  an t ibodies .  J .  Fish Dis. 2:345- 
347.
Dunnett, C. W. 1955. A multiple  comparison procedure fo r  comparing 
several treatments with a contro l .  The Journal of the American 
S t a t i s t i c a l  Society 50:1096-1121.
E l l i s ,  A. E. and A. L. Munrowe. 1976. Defense mechanisms in f i s h .
1. A study of the phagocytic system and the f a te  of 
in t r a p e r i to n ea l ly  in jec ted  p a r t i c u la te  material in the p la ice  
(Pleuronectes p l a t e s s a l .  J .  Fish Biol.  8:67.
71
E l l i s ,  A. E. 1977. Ontogeny of  th e  immune response in Salmo s a l a r : 
Histogenesis  o f  the lymphoid organs and appearance o f  membrane 
immunoglobulin and mixed leukocyte r e a c t i v i t y ,  in :  Developmental 
Immunobiology {J. B. Solomon and J .  D. Horton, eds . )  pp. 225- 
231, Elsevier /North  Holland, Amsterdam.
E l l i s ,  A. E. 1977. The leukocytes of f i s h :  A Review. J .  Fish Biol.  
11, 453.
E l l i s ,  A. E. 1981. S t ress  and th e  modulation o f  defense mechanisms in 
f i s h .  In  "S tress  and Fish" (A. P. P icker ing ,  e d . ) ,  pp. 147-169. 
Academic Press ,  New York.
E lsasse r ,  M. S .,  B. S. Roberson and F. H. Hetr ick .  1986. Effects  of 
metals on the  chemiluminescent response of rainbow t r o u t  (Salmo 
g a i r d n e r i l phagocytes.  Veter inary  Immunology and Immunopathology 
12:243-250.
Evans, D. L., S. S. Graves, D. Cobb, and D. L. Dawe. 1984.
Nonspecific cy to tox ic  c e l l s  in f i s h ,  I c ta lu ru s  p u n c ta tu s . I I .  
Parameters of  t a r g e t  ce l l  l y s i s  and s p e c i f i c i t y .  Dev. Comp. 
Immun. 8 , 303 (1984).
Evans, D. L., K. T. Hogan, S. S. Graves, R. L. Carlson, E. Floyd and 
D. L. Dawe. 1985. Nonspecific cy to tox ic  c e l l s  in f i s h ,
I c t a lu ru s  p unc ta tu s . I I I .  Biophysical and biochemical 
p ro p e r t i e s  a f f e c t in g  c y to ly s i s .  Dev. Comp. Immun. 8 , 599.
Finney, D. J .  1971. S t a t i s t i c a l  methods in b iological assays.
Second ed. G r i f f in  Press,  London.
F le tche r ,  T. C. and A. White. 1976. The lysozyme of  the  p la ic e ,  
Pleuronectes p l a t e s s a . Comp. Biochem. Physiol.  558:207-210.
F le tche r ,  T. C. 1986. Modulation o f  nonspecif ic  host defenses  in
f i s h .  Vet. Immunology and Immunopath. V12:59-67.
Gabig, T. G. and B. M. Babior.  1981. The k i l l i n g  of  pathogens by
phagocytes.  Ann. Rev. Med. 32:313-326.
Graves, S. S . ,  D. L. Evans, D. Cobb and D. L. Dawe. 1984.
Nonspecific cy to tox ic  c e l l s  in f i s h ,  I c ta lu ru s  p u n c ta tu s . I .  
Optimum requirements fo r  t a r g e t  ce l l  l y s i s .  Dev. Comp. Immun. 8 , 
293.
Graves, S. S . ,  D. L. Evans and D. L. Dawe. 1985. Mobiliza tion and 
a c t iv a t io n  of  nonspecif ic  cy to tox ic  c e l l s  (NCC) in the  channel 
c a t f i s h ,  I c ta lu ru s  punctatus in fec ted  with Ic thvophth irus  
m u l t i f i l i s . Comp. Immun. Microbiol .  I n f e c t .  Dis. Vol. 8 , No. 1, 
pp. 43-51.
Gray, B. H., M. Porvaznik, C. Flemming and L. H. Lee. 1986. T r i -n -  
b u ty l t in  aggregates and membrane c y to to x ic i ty  in human
72
ery throcy tes .  Pages 1234-1239 in Oceans 8 6  Conference Record 
Vol. 4. The I n s t i t u t e  of  E lec t r ica l  and Elec tronics  Engineers 
Publishing Services,  NY.
Hadden, J .  W. 1988. Transmembrane s ignals  in the ac t iva t ion  of  T 
lymphocytes by mitogenic ant igens.  Immunology Today. Vol. 9, 
Nos. 7 and 8 . pp. 235-239.
Hamilton, T. A. and D. 0. Adams. 1987. Molecular mechanisms of
signal t ransduct ion  in macrophages. Immunology Today 8:151-158.
Harisdangkul, V., E. A. Kabat, R. J .  McDonough and M. M. S ige l .  1972. 
A prote in  in normal nurse shark serum which reac ts  sp e c i f i c a l ly  
with f ruc tosans .  I I .  Physiochemical s tu d ie s .  J .  Immunol. 
108:1259.
Higson, F. K. and D. T. G. Jones. 1984. The generat ion of ac t ive  
oxygen species  by s timulated rainbow t r o u t  leucocytes in whole 
blood. Comp. Biochem. Physiol .  77B, pp. 583-587.
Hildemann, W. H. and E. L. Cooper. 1963. Immunogenesis of homograft 
reac t ions  in f i sh es  and amphibians. Fed. Proc. 22:ll '45- l 151.
Hildemann, W. H. 1970. Transplantation comments in f i shes :  Agnatha,
chondrichthyes, '  and Osteichthyes.  Transplantat ion Proc. 2:253- 
259.
Holt,  P. D. J .  and D. J .  Anstee. 1975. A natural  anti-A agglu t in in  
in the serum of  the brown t r o u t ,  Salmo t r u t t a . Vox Sang 29:286- 
291.
Huggett , R. J . ,  M. A. Unger and D. J .  Westbrook. 1986. Organotin 
concentrat ions  in the southern Chesapeake Bay. Pages 1262-1265 
in Oceans 8 6  Conference Record Vol. 4. The I n s t i t u t e  of  
E lec tr ica l  and Electronics  Engineers Publishing Services,  NY.
Isakov, N., W. Scholz and A. Altman. 1986. Signal t ransduct ion and 
i n t r a c e l l u l a r  events in T-lymphocyte a c t iv a t io n .  Immunology 
Today 7:271-277.
Jurd,  R. D. 1985. Speciation in the t e l e o s t  and anuran immune
response: a comparative c r i tq u e :  Jjl "Fish Immunology" (Manning,
M. J . ,  and M. F. Tatner,  e d s . ) .  pp. 9-28. Academic Press ,  New 
York.
Johnston, J .  B. 1978. Oxygen metabolism and the  microbicidal
a c t iv i t y  of macrophages. Fed. Proc. Vol. 37, No. 13. pp. 2759- 
2764.
Kammer, G. M. 1988. The adenylate cyclase-cAMP-protein kinase A
pathway and regula t ion  of the  immune response. Immunology Today, 
Vol. 9. Nos. 7 and 8 . 1988. pp. 222-229.
73
Klapper, D. G and L. W. Clem. 1977. Phylogeny o f  immunoglobulin 
s t r u c t u r e  and func t ion .  C harac te r iza t ion  of the  cystene-  
conta in ing  pept ides  involved in the  pentamerazation o f  shark IgM. 
Dev. Comp. Immunol. 1:81-92.
Kong, S. and A, J .  Davison. 1980. The r o l e  of  in t e r a c t io n s  between 
0? , H2 0«, .OH, e- and 02" in f ree  rad ica l  damage to  b io logical  
systems? Archives o f  Biochemistry and Biophysics Vol. 204, No.
1, Oct. 1, pp. 18-29.
Kranjc,  E. I . ,  P. W. Wester, J .  G. Loeber, F. X. R. van Heuwen, J .  G. 
Vos, H. A. M. G. Vaessen, and C. A. van der  Heijden. 1984. 
T oxic i ty  of  b i s ( t r i - N - b u t y l t i n )  oxide in the r a t .  I .  Short term 
e f f e c t s  on general parameters and on the endocrine and lymphoid 
systems. Toxicol .  Appl. Pharmacol. 75, 363-386.
Laugh!in, R. B., J r . ,  H. E. Guard and W. H. Coleman. 1986.
T r ib u ty l t i n  in seawater:  Specia t ion and octanol-water  p a r t i t i o n
c o e f f i c i e n t .  Environmental Science and Technology 20:201-204.
Lindena, J . ,  H. Burkhart and A. Dwenger. 1987. Mechanisms o f  non­
opsonized zymosan-induced and luminol-enhanced chemiluminescence 
in whole blood and i so la te d  phagocytes. Journal of  C l in ica l  
Chemistry and Cl in ica l  Biochemistry 25:765-778.
Manning, M. J .  and M. F. Tatner .  1985. Fish Immunology. Academic 
P ress ,  New York.
Marchalonis,  J .  J . ,  J .  M. Decker, D. DeLuca, J .  M. Mosely, P. Smith 
and G. W. Warr. 1977. Lymphocyte su rface  immunoglobulins: 
Evolut ionary o r ig in s  and involvement in a c t iv a t io n .  Cold Spring 
Harbor Symp. Quant. Bio l.  41:261-273.
M il le r ,  N. W. and M. R. Tripp.  1982. The e f f e c t  of c a p t i v i t y  in the 
immune response o f  the  k i l l i f i s h ,  Fundulus h e te r o c l i tu s  L.
Mix, M. 1986. Cancerous Diseases in Aquatic Animals and t h e i r
a s soc ia t ion  with Environmental P o l lu tan t s :  A C r i t i c a l  L i te ra tu re  
Review. Marine Environmental Research 20:1-141.
Nash, K. A., T. C. F le tcher  and A. W. Thomson. 1987. Ef fec t  of
opsoniza tion on ox ida t ive  metabolism of  p la ic e ,  Pleuronectes  
p l a t e s s a  L. Neutrophils .  Comp. Biochem. Physiol.  8 6 B, 31-36.
Nishizutea ,  Y. 1987. Prote in  kinases in signal t ran sd u c t io n .  In
Oncogenes and growth f a c to r s .  (Bradshaw, R. A., and P re n t i s ,  S . ,  
e d s . ) .  E lseviers  Science Publ ishers ,  New York.
O l iv ie r ,  G., C. A. Eaton and N. Campbell. 1986. I n te ra c t io n  between
Aeromonas salmonicida and per i tonea l  macrophages of brook t ro u t  
(Salvel inus  f o n t i n a l i s ) .  Veter inary Immunology and 
Immunopathology 12:223-234.
74
Parnham, M. J .  and C. B i t tn e r .  1986. Pharmacological ana lys is  of  
Guinea-Pig Macrophage Chemiluminescence Response to  P l a t e l e t  
Act iva t ing  Factor  and Opsonized Zymosan. I n t .  J .  Immunopharmac. 
Vol. 8 , No. 8 . pp. 951-959.
Pick, E. and Y. K e isa r i .  1981. Superoxide anion and hydrogen
peroxide production by chemically e l i c i t e d  per i tonea l  macrophage- 
induction by m ul t ip le  non-phagocytic s t im u l i .  Cell Immun. 59, 
301-318.
Rice, C. D,, F. A. E sp o u r te i l l e  and R. J .  Huggett. 1987. Analysis of 
t r i b u t y l t i n  in e s tu a r in e  sediments and oy s te r  t i s s u e ,  Crassostrea 
v i r q i n i c a . Applied Organometallic Chemistry 1:541-544.
Rook, G. A. W., J .  S te e le ,  S. Umar and H. M. Dockrel l .  1985. A
simple method fo r  the s o lu b i l i z a t i o n  of  reduced NBT and i t s  use 
as a co lo r im e t r ic  assay fo r  a c t iv a t io n  of human macrophages by 
gamma-interferon. J .  Immun. Methods 82, 161-167.
Roos, D. 1980. The metabolic response to  phagocytosis .  In :  The Cell 
Biology of  Inflammation (Edited by Weissmann, G.),  pp. 337-385. 
Elsevier /N orth  Holland Biomedical Press,  New York.
Ruben, L. N., Warr, G. W., Decker, J .  M. and J .  J .  Marchalonis.  1977. 
Phylogenetic o r ig in s  of  immune recogni t ion:  Lymphoid
heterogenei ty  and the  h a p te n /c a r r i e r  e f f e c t  in the  g o ld f i sh ,  
Carassius a u ra tu s . Cell Immunol. 31:266-283.
Saxena, A. K. 1987. Organotin compounds: toxicology and biomedical 
a p p l ic a t io n s .  Applied Organometallic Chemistry 1:39-56.
Schweinfurth, H. A. and P. Gunzel. 1987. The t r i b u t y l t i n s :
Mammalian t o x i c i t y  and r i s k  evaluat ion for  humans. Pages 1421- 
1431 in Oceans 87 Conference Record Vol. 4.  The I n s t i t u t e  of 
E le c t r ic a l  and E lec tron ics  Engineers Publishing Serv ices ,  NY.
S co t t ,  A. L. and P. H. Klesius .  Chemiluminescence: a novel ana lys is
o f  phagocytosis in f i s h .  Developments in Biological  
S tandard iza t ion  49:243-254.
S co t t ,  W. A., C. A. Rouzer and Z. A. Cohn. 1983. Leukotriene C 
re l e a se  by macrophages. Federation Proceedings 42:129-133.
Secombes, C. J . ,  S. Chung and A. H. J e f f r i e s .  1987. Superoxide anion 
production by rainbow t r o u t  macrophages de tec ted  by the  reduction 
o f  ferricytochrome C. Developmental and Comparative Immunology 
12:201-206.
Seinen, W. and A. Penninks. 1979. Immune suppression as a 
consequence of a s e le c t iv e  cyto tox ic  a c t i v i t y  of  
c e r t a in  organometall ic  compounds on thymus and thymus dependent 
lymphocytes. Ann New York Acad. Sci.
75
Seinen, W., J .  G. Vos, R. Brands and H. Hooykaas. 1979.
Lymphocytotoxicity and immunosuppression by organotin compounds. 
Suppression o f  g r a f t  Versus-host r e a c t i v i t y ,  b la s t  
t ransformation,  and E-Rossette formation by DBT and DOT. 
Immunopharm. 1, 343-355.
S e l l ,  S. 1987. Basic immunology. E lsevier  Science Publishing Co., 
Inc . ,  New York.
Selwyn, M. J .  1976. Triorganotin compounds as ionophores and
in h ib i to r s  of  ion t ra n s lo ca t in g  ATPases. Pages 204-226 in  J .  J.  
Zuckerman, e d i to r .  Organotin compounds: new chemistry and 
app l ica t ions .  American Chemical Society,  Washington, D.C.
Sharon. N. and J .  Lis.  1972. Lectins : Cell agg lu t ina t ing  and sugar- 
sp e c i f i c  p ro te ins .  Science, 177:949-959.
Short,  J .  W. and F. P. Thrower. 1986. Tri -N-buty l t in  caused 
m o r ta l i ty  of Chinook salmon (Oncorhvnchus tshawytscha), on 
t r a n s f e r  to  a TBT-related marine net-pen. Pages 1201-1205 in. 
Oceans 8 6  Conference Record, Vol. 4. The I n s t i t u t e  of  E lec tr ica l  
and Electronics  Engineers Publishing Services ,  N. Y.
Sigel ,  M. M., B. A. Hamby and E. H. Huggins, J r .  1986. Phylogenetic 
s tud ies  on lymphokines. Fish lymphocytes respond to  human IL-1 
and e p i th e l i a l  c e l l s  produce an IL-1 l i k e  f ac to r .  Vet. Immunol. 
Immunopath. V12, pp. 47-58.
Sinderman, C. J .  1979. Pol lu t ion-associa ted  diseases  and
abnormalities  o f  f i s h  and s h e l l f i s h :  A Review. Fish Bull.  
76:717-749.
Sindermann, C. J .  1984. Fish and Environmental Impacts. Arch. Fisch 
Wiss Vol. 35. pp. 125-160.
Snieszko, S. F. 1974. The e f fec t s  of  environmental s t r e s s  on 
outbreaks of in fec t ious  diseases  of f i s h e s .  J .  Fish. Biol.  
6:197-208.
Spitsbergen, J .  M., K. A. Schat, J .  M. Kleeman, and R. E. Peterson. 
1986. In te rac t ions  of 2,3 ,7,8-Tetrachlorodibenzo-P-Dioxin (TCDD) 
with immune responses of rainbow t ro u t .  Vet. Immun. Immunopath. 
Vol. 12:263-280.
Stave, J .  W., B. S. Roberson and F. M. Hetr ick.  1983.
Chemiluminescence of  phagocytic c e l l s  i so la ted  from the 
pronephros of s t r ip e d  bass.  Developmental and Comparative 
Immunology 7:269-276.
Stave, J .  W., B. S. Roberson and F. M. Hetr ick. 1984. Factors 
a f fec t in g  the chemiluminescent response of  f i sh  phagocytes.  
Journal of Fish Biology 25:197-206.
76
Stephan, C. E. 1975. Methods o f  acute t o x i c i t y  t e s t s  with f i s h ,
macroinver tebra tes  and amphibians. Environmental Pro tec t ion
Agency 66013-75-009
Tatner ,  M. F. 1986. The ontogeny o f  humoral immunity in rainbow
t r o u t ,  Salmo g a i r d n e r i . Vet. Immunol. Immunopath. V12, 93-105.
Tripp, C. S . ,  M. Mahoney and P. Neeldeman. 1985. Calcium ionophore 
enables  so lub le  agonis ts  to  s t im u la te  macrophage lipoxygenase. 
Journal o f  Biological  Chemistry 260:5895-5898.
Trush, M. A.,  M. E. Wilson and K. van Dyke. 1978. The generat ion of 
chemiluminescence (CL) by phagocytic c e l l s .  Pages 462-494 in  
Marlene A. DeLuca, e d i to r .  Methods in enzymology, Vol. LV11. 
Academic Press ,  London.
Unanue, E. R. and P. M. Allen. 1987. The bas is  fo r  the
immunoregulatory ro le  of  macrophages and o ther  accessory c e l l s .  
Science: Vol. 236, 551-557.
Vos, J .  6. A. De Klerk, E. I .  Krajnc, W. Kruizinga and B. Van Ommen.
1984. Toxic i ty  of  B i s ( t r i -N - b u ty l t i n )  oxide in the  r a t .  I I .  
Suppression o f  thymus dependent immune response and of  
parameters of non -spec i f ic  r e s i s t a n c e  a f t e r  shor t - te rm  exposure. 
Tox. Appl. Pharm. 75, 387-408.
Ward, G. S . ,  G. C. Cram, P. R. P a r r i sh ,  H. Trachman and A. S les inger .  
1981. Bioaccumulation and chronic t o x i c i t y  of  b i s ( t r i - N -  
b u ty l t i n )  oxide (TBT0): Tests  with a s a l t  water f i s h .  Pages
183-200 i n  D. R. Branson and K. L. Dickson, e d i t o r s .  Aquatic 
Toxicology and hazard assessment.  American Society fo r  Testing 
and M ate r ia l s ,  Ph i lade lph ia .
Warinner, J .  E., E. S. Mathews and B. A. Weeks. 1988. Preliminary 
in v e s t ig a t io n s  o f  the chemiluminescent response in normal and 
pol lu tan t-exposed  f i s h .  Marine Environmental Research 24:281- 
284.
Weeks, B. A. and J .  E. Warinner. 1984. Effects  of  to x ic  chemicals on 
macrophage phagocytosis in two e s tu a r in e  f i s h e s .  Marine 
Environmental Research 14:327-335.
Weeks, B. A.,  0.  E. Warinner, P. L. Mason and D. S. McGinnis. 1986. 
Influence of  tox ic  chemicals on the  chemotactic response of f ish  
macrophages. Journal of  Fish Biology 28:653-658.
Weinreb, E. L. 1959. Studies  on the  h is to logy  and h is topathology of 
the rainbow t r o u t ,  Salmo ga irdner i  i r id e u s .  I I .  Effec ts  of 
induced inflammation and co r t iso n e  t reatment on the  d ig es t iv e  
organs. Zoologica, 44, 45.
77
White, 1985. Immunotoxicological in v es t ig a t io n s  in the  mouse:
General approach and methods. Drug and Chemical Toxicology,
8(5) ,  299-331.
White, K. 1986. Overview of Immunotoxicology and Carcinogenic
Polycycl ic  Aromatic Hydrocarbons. J .  Environmental Science and 
Health (C). Environmental Carcinogenesis 4. 163-202.
Wishkovsky, A. and R. R. Avtalion.  1982. Induction o f  helper  and 
suppressor  functions  in carp and t h e i r  poss ib le  implicat ion in 
seasonal d isease  in f i s h .  Dev. and Comp. Immunol. Supp. 2:83- 
91.
Yocum, D., M. Cuchens and L. W. Clem. 1975. The h a p te n -c a r r i e r  
e f f e c t  in t e l e o s t  f i s h .  J .  Immun. 114:925-927.
Zar,  J .  H. 1984. B i o s t a t i s t i c a l  Analysis .  P re n t i c e -H a l l , Inc. 
Englewood C l i f f s ,  New Je rsey .
Zeeman, M. G. and W. A. Brindley. 1981. Effects  o f  to x ic  agents upon 
f i sh  immune systems: a review. In Immunologic Considera tions  in
Toxicology (R. P. Sharma, e d . ) ,  Vol. I I ,  pp. 1-143. Boca Raton, 
F lor ida :  CRC Press .
VITA
Charles D. Rice
Born in Richmond, Virg in ia ,  4 March 1955. Graduated from 
Northumberland High School,  H eathsv i l le ,  Virginia  in 1973. Earned a 
Bachelor o f  Science degree in biology from Virginia  Commonwealth 
Univers i ty  in 1980. Subsequently worked as a chemistry and biology 
i n s t r u c t o r  in Northumberland County, Virg in ia ,  Public School System 
and C h es te r f ie ld  County, Virg in ia ,  Public School System. Earned a 
Master of  Science degree in biology with a major in environmental 
s tud ies  from Virginia  Commonwealth Universi ty  in 1986. Entered the 
doctoral  program in t h e  College o f  William and Mary, School o f  Marine 
Science in t h e  Summer o f  1986.
78
